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PACS. 72.80.Ng Disordered solids - 61.20.Lc Time-deggndproperties; relaxation - 73.23.Hk Coulomb

blockade; single electron tunnelling

Short title: Glassy behaviour in granular aluminium thin films

Abstract. We present a study of non-equilibrium phenomen&miesl in the electrical conductance of insulating
granular aluminium thin films. An anomalous fielffeet and its slow relaxation are studied in sorataill The
phenomenology is very similar to the one alreadgeoled in indium oxide. The origin of the phenoména
discussed. In granular systems, the present expetincan naturally be interpreted along two difietmes. One
relies on a slow polarisation in the dielectricreunding the metallic islands. The other one retiesa purely
electronic mechanism: the formation of an elect@oulomb glass in the granular metal. More selective
experiments and/or quantitative predictions abbet €oulomb glass properties are still needed taitkiy

distinguish between the two scenarii.

1. Introduction

We present here an experimental study of out oflibgum phenomena observable in the electrical
conductivity of insulating granular aluminium thilms. We focus on an anomalous electric field etffend
on its glassy relaxation subsequent to extern#riances, brief accounts of which were previogshgn in

[1, 2]. In this section we first give a short ovietw of the experimental context of our studies.
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As far as we know the phenomena of concern here Vit observed and reported in thin granular
metal films (granular gold) [3]. The authors perf@d field effect measurements at low temperatwsimgu
MOS like structures, which consist in the superpasiof a metallic gate, a dielectric spacer argtanular
metal film (the channel) which conductance is itigeged. For insulating granular channels, theyntba
symmetrical minimum in the conductance versus galiage curves@(Vy)), whose position was shown to
be determined by the appli& while cooling the sample. The finding was intetpcein terms of Coulomb
blockade of small grains and “potential disordewedo charges trapped in the substrate (offseigelsan
today’s language). In brief, the absence of a marroscopic Coulomb blockade was ascribed to the
existence of the “potential disorder”, whose rokedhbeen overlooked in previous discussions of the
electrical transport in granular metals. The vexjstence of the observe@(Vy) minimum, and of its
memory effect, was ascribed to a slow dynamiche$e¢ trapped charges.

Later a similar field effect was found in indiumide (InQ)) insulating thin films [4], and has been
extensively studied since then [5]. In particulze slow relaxation of the field effect minimum, iretd by
disturbances like gate field or temperature abkl@nges, was studied in detail. The phenomena were
interpreted from a different point of view than [B]. The authors argued they are the signature of a
correlated electron glass, resulting from the gfrddoulomb interactions between localised carriers
(Coulomb glass), which had been theoretically psegoearlier [6]. The effect of the electron dopiegel
on the G(Vg) minimum and its slow dynamics was shown to besmstent with the Coulomb glass
interpretation [7].

Qualitatively similar effects were also reported ansystem consisting of an ultra-thin lead film
deposited on an amorphous Ge wetting layer [8y8ly recently slow relaxation phenomena were reggbrt
in silicon MOSFETSs [10].

As far as we know these experiments are the ongs do demonstrate macroscopically long times
(more than hours or days) which may indicate thstemce of a Coulomb glass. While experiments @y In
have been extensive, much less is known about ttier @ase reported (granular/ultra-thin metal f)lms
although its investigation may help to progresthsunderstanding of the mechanisms at work. Ouent
study of granular Al thin films is aimed at fillingis gap.

The next section is devoted to the choice of thstesy and the samples preparation and
characterization. We then describe the out of daitim phenomena observed in the electrical corathos
(section 3). Finally, the results are compared wlithse of InQ , and are discussed in the light of two

different possible mechanisms and of recent thiaietorks.



2. Granular aluminium films, samples preparation ard characterisation

In order to test the universality of the out of éirium phenomena studied in InQwe searched for them in
systems a priori quite different from the structy@int of view, but still having similar electranproperties.
We chose to study granular metals, which displayetal to insulator transition and transport prapsrt
analogous to other disordered systems. Generally (ot exclusively), their conductance follows a
exp(-(Ty' T law up to room temperature (or even above). Whiereason for this has been the subject of
a long debate [11], there seems now to be a comsehat it corresponds to a variable range hopimiritge

presence of strong Coulomb interactions [12].

2.1 Sample preparation:

We focused on granular aluminium, which consistsméll metallic Al islands separated by insulating
Al,O; barriers. In principle one may study how the pbgkiproperties depend on the micro-structural
characteristics (e.g. XD; barrier thickness and Al islands sizes) which tanuseful to elucidate the
microscopic mechanisms at work. Moreover granulamanium samples are quite stable, as compared for
instance to UHV stored ultra-thin metals or grangjald films, whose connectivity generally evohadter
their preparation, due to the free surface atoriffagion. In our case, granular Al films can be eafedly
cycled between room temperature and 4 K for weskblput any significant change of the low temperatu
conductance values. The samples were fabricate@-bgam evaporation of Al in controlled oxygen
pressuresRy,). Obviously the metallic or insulating charactéttee films is determined by the ratiy, / Al
evaporation rate. Typically, the films we focustmere were obtained witho, ~ 10° mbar and evaporation
rates around 2 A/sec. The films were depositeceeitin sapphire substrates or on oxidized dopecbaili
wafers, at room temperature. In the first casettierfield effect measurements, an Al gate andlamiaa
gate insulator (1000 A thick) were evaporated pigathe granular Al channel, and in the last smpee and
drain Al contacts were evaporated on the granullactfnnel. All these steps were performed without
opening the chamber. On wafers the thermally gr& and the conducting doped Si were used for the
gating, gold contacts were deposited on the oxiger po the granular Al film. In order to reduceeth

measured resistances, wide and short channelsmastly used (typically 1.8 mm x 20m).

2.2 Microstructure:

Granular Al is known to consist of Al islands segiad by A}O; barriers [13]. While Al evaporation in
a good vacuum produces large Al grains (even latggn the films thickness), evaporation in a giep
results in smaller Al grains, whose growth is segbpy the formation of an oxide layer on their ao€f, on

which secondary growth of Al islands then occur.[The higher thé€o,, the smaller the mean grain size



and the thicker the average,@} barriers. Most of our films have a thickness o® 20 We noted in [1, 2]
that AFM as well as scanning electron microscomupes of our samples show “islands” of size around
100-200 A. However, X-ray diffraction (XDR) measoments, performed on thicker films (5000 A) in order
to increase the signal, indicate smaller grainssize Figure 1 we show the Al (111) and (200) diftion
lines for a series of samples evaporated undezrdiftPo,. One observes that while the lines remain centred
on the same angles, they broaden considerablyafoples close to or in the insulating state, indicat
dramatic reduction of the grain size. We may edtnthe grain sizes using the Scherrer formula, lwhic
reads in our case: Size (A)1.5 /A6, whereA@is the FWHM of the peaks measured in radians. &mptes
(a) to (c) we thus estimate respectively 1200 A) aad 90 A, and guess a smaller value for the atisig
sample (d). Note that these are volume weightethgeesizes, so that number weighted average dinedds
be smaller (by a factor determined by the graim slistribution, which we unfortunately cannot estien
from these data). We can anyway conclude that i@ gizes of the insulating samples we are intedeis
here, are of a few nanometers, say typically 5 Tihis estimate is in accordance with the resultstbér
studies [13, 15]. The Al island size is primarilgtermined by the oxygen pressure (and evaporadita), r
and was reported to be independent of the substetitee and film thickness [15]. Strictly speakog 200

A thick samples are thus not two dimensional aryislands, as the films thickness equals sewvérals
the island size. These sizes we are estimatingharecrystallographic” sizes of the Al grains, hoxee one
would like to know what the “electrical” sizes amehich are determined by the grains or clustergrains
which are separated from the rest of the sampla bwrrier resistance higher thRg ~ 26kQ. This is of
importance when discussing the electrostatic chgrgnergies involved in electron transfers. Unioately
we cannot determine these sizes experimentallynin ample way. Since the grain growth during Al
deposition is limited by the encapsulation with @xide layer, the “crystallographic” sizes may be a
reasonable estimate. Assuming “electrical” islaoida few nanometers (and,8; barriers~ 10 A thick) the

electrostatic charging energies are larger than ofasur working temperatures.

2.3 Electrical properties:

The R(T) curves of a series of 200 A samples is showniguré 2. Most of the experiments to be
discussed in section 3 were performed on insulaamgples witfR(4K)/R(300K) ~ 10°-1C°, which offer a
compromise for not too high resistances at 4 K stiltl easily measurable anomalous field effects. As
already noted in [1] the divergence of resistared & 0 is faster than the exgyT)"?) law generally
reported for granular metals and cermets (thisifimavill be discussed elsewhere). We note thatotteof
equilibrium effects of interest here do not seerdépend on the preci$¥T), they are equally observed in

InO, films obeying either simple activation or variabdégge hopping dependences [16].

As illustrated in the inset of Figure 2, the sarapee easily driven in a highly non ohmic regimat, b

when the bias electrical field is below5 1¢ V/m (at 4 K), the samples are ohmic. The conductio



mechanism in granular metals is thought to resolnfan interplay between Coulomb blockade, disorder
and thermal activation. In our samples, no siga ofacroscopic Coulomb blockade was observed (viach
expect as a non ohmicity at lod,s ), showing that disorder plays an important radaless otherwise

specified, all our measurements were performetl@arohmic regime.

3. Anomalous field effect and non equilibrium phenmena

In Figure 3 we show a typic&h(Vy) curve obtained at 4 K with a MOS structure whgsanular Al
channel ha®(4K)/R(300K) = 2.16 andR, = 32 MQ. The sample was cooled with = 0 and kept for one
day at 4 K before the measurement was performed Qearly sees the “cusp like” symmetrical
conductance minimum, whose existence and propeaatieshe subject of this paper (in the followingsth
anomaly will be referred to as the “cusp” or thép")l The cusp, as measured at 4 K, typically has a

amplitude of a few percent, and a full width atf méximum (FWHM)A4V(gy» of 1 V. We may express the
cusp FWHM as the surface charge den@itynduced by a gate voltage equalddg;,, (usingQ=CAVvVgy
with in our caseC=¢,5(A,0:)It, &(A,05)=9, S=1cnf, t=10° A). This parameter does not depend on

the gate insulator nature and thickness and altowsmpare different systems. We fiQd= 5.13* e/cn? (1
e / (140x140) R). The cusp was reproducibly observed in all insugagranular Al films studied (tens of
samples), using various measurement configuratibngarticular, we measured samples deposited on
sapphire or oxidized silicon, with DC or low freque AC biases (below 100 Hz), involving two consact
configurations (using ®s SOurce and a current to voltage converter to medbe current) or four contacts
configurations (with several contact geometriesngisan l,i,s source and a nanovoltmeter to measure the
voltage). The cusp cannot be caused by currens lFakugh the gate insulator, since these werergiyne
directly checked to be too small to cause the oaskeffect. Moreover a current leak is easily degas it
gives rise to a DC antisymetric component to®{&;) curve (as was observed in a few leaky structutes)
AC measurements any current leak is efficientlgnedated by the lock-in amplifier, so that identi€l and
AC G(V,) curves show that current leaks are of no impegaand that the cusp reflects a property of the
channel’s conductance.

The amplitude of the cusp depends on the measuteinestion [2]: it increases logarithmically with
the Vy scan rate used to record it. This shows thatxistence is related to non equilibrium phenomena.

However, as shown in [2], the shape and width efdirsp do not depend on the measurement duration.
3.1 “Steady” properties of the cusp:

Strictly speaking the samples are never in thetilibgium state. However as the relaxations to the

equilibrium state are logarithmic in time, onceaanple has been allowed to relax for a sufficiemieti(say



one or a few days), the field effect curve evolvesy slowly and does not change significantly dgran
typical measurement time. We can thus define andyststeady” properties of the cusp, and obseree th
following features:

- the cusp depends on the equilibration temperaituseprominent at lowr but is washed out at high
More precisely, as shown in Figure 4, its widthr@ases linearly with the equilibratidnwhile its relative
amplitude sharply decreases (likeT?/in the example shown). Note that owing to the cmtahce
temperature dependence, the calsgplute amplitude increases within the temperature range investigated,
above which it saturates and then presumably dainés. We note that the numerous samples equilibaate
4 K all displayed the same cusp width, indepenglesfttheir R,, dimensions or substrate. The cusp width is
thus determined by the temperature [17] (of cowen comparing samples with different gate insug&to
the cusp width has to be expressed in induced eldagsity).

- the cusp relative amplitude depends on the sasnipisulating strength: the higher tRe (say at 4 K),
the more prominent the cusp, as illustrated in fedu

- the cusp is also altered by the bias voltage whenatter is high enough to drive the sample th®
non ohmic regime. Qualitatively, we observed thatracrease of the (non ohmic) bias is equivalerdrio
increase of the sample’s temperature, althougHhattiter is maintained at 4 K. Wha, s is increased, the
conductance increases (non ohmicity), the cuspderta and its relative amplitude diminishes likehié

temperature had risen [18].

3.2 Slow relaxation of the cusp

3.2.1 Temperature induced relaxation

As mentioned above, strictly speaking, the samplesnever in equilibrium. Indeed after cooling
from room temperature to say 4 K, keepWgconstant, one always observes a logarithmic dserehthe
sample’s conductance, without any saturation eViam several days. It is instructive to monitor tBg¢v/y)
cusp during that relaxation, as shown in Figure ®ae observes a slow evolution of the cusp, from a
smaller and rounder dip, towards the “steady” 4hdpe and amplitude. During that relaxation, theycus
amplitude increases logarithmically with time, &®wn in Figure 6-b, which explains the relaxatidrite
conductance measured at consigntThe sample thus keeps some memory of its themnisgry: looking at
the series of curves in Figure 6-a, one can dethatehe sample, now at 4 K, was previously manadiat
a higher temperature. But this memory is not peanty frozen and is progressively lost. We insistao
striking feature of the upper curve: the sample i@t K conductance which means that its electrons
essentially do conduct like in a sample equililatae4 K, but the cusp still has a rounded shagminiscent
of a temperature when the sample’s conductancesigasicantly larger.

Note that the slow logarithmic decrease of the cotahce after cooling is also measured on samples

without a gate. In that case the granular Al filsndeposited directly on its single crystalline dapp



substrate. This shows that the slow relaxationpgsoperty of the granular Al film, and not of thisardered

alumina or silicon dioxide insulators of the gasasnples.

3.2.2 Gate voltage induced relaxation

Another way to display a memory effect and inducgtoav relaxation of the cusp is to change the
gate voltage and maintain it at the new value, itkéhe “two dip” experiment. What happens is shawn
Figure 7. Initially equilibrated at 4 K witily = O (step 1), the sample has a well developed asghown in
the upper curve, corresponding to a “steady stdieg. gate voltage is then setvgt= 2.5 V fort,, = 3 hours,
which provokes a progressive erasure of the inttigp and creates a new one centredlon2.5 V (step 2).

In step 3, the gate voltage is set back to zemstdtond dip disappears while the first one recovitus
when one imposes a given gate voltage, a cuspeckeatr that voltage value is progressively writt@hile
all other anomalies are progressively erased.

This observation explains the above mentioned dépwe of the cusp amplitude on fiig scan
rate, and in the limit of an infinitely slow scahg cusp has “enough time” to “follow the gate agh”, so
that the measure@®(V,) curve is flat. Note that the relaxations we obeecannot be related to a slow
“macroscopic” charging of the granular channel ougavas changed. First the observed time scales are
much longer than thRCs of the measuring circuits, and than the estimistaxiwvell times of the granular Al
films (which give the time it takes a macroscogiarge to spread on the film). Second, a slow eiaiudf
the dielectric constant of the gate insulator, thue slow evolution of its polarization after\g change,
would presumably cause a continuous slow drifthef ¢usp position in th&(V,) curve, but not the “two

dip” pattern we observe.

3.2.3 Aging

Aging arises from the fact that the response gfséesn to a given stimulus depends on what external
conditions were imposed to it previously, and fdratvduration. In Figure 8, we illustrate the kirfdaging
our system displays in step 3 of the “two dip expent” (TDE). In Figure 8-a we show the time depeamtd
amplitudes of the second cusp while it is erasedr@hsing curve) and of the first one while itdstored
(increasing curve) [19]. It is seen that the twepslevolution during step 3 are symmetrical, th stitheir
amplitudes being constant (middle curve). In Figgute the TDE was conducted with different durasign
of step 2 (writing of the second cusp). We showdbeereasing amplitude of the second cusp during 3te
for different writing durationst(), and note that the different vanishing amplitedeves are simply shifted
on a log scale, their logarithmic part being patathnd that they perfectly collapse on a singlstaracurve
when plotted as a function 6f,,, corresponding to what is called “simple aging”.

One can also study aging effects in the step BAefTDE (instead of step 3), which is a more usual

proceduret, is now the time elapsed between the cooling ofsémmple from room temperature and the



application of the perturbation (sudden changéhefdate voltage). As can be seen in Figure 9, gerob
that the two cusps amplitudes first evolve like th.w(ith opposite slopes and that when the first cissp
essentially erased the second one grows withoutegain. If the experiment is repeated with a latgethe
first cusp naturally has a higher amplitude anddgsreasing curve is simply shifted along thetLakis
(corresponding again to simple aging). But the sdausp amplitude grows independently,pino aging is

observed for it.

In summary, we observe that the erasure of a cusiemfor a given duratioty, obeys simple aging
and lasts typically during,. The writing of a new cusp proceeds logarithmicalith time without any sign
of saturation, and does not depend on the prewnaisry. When logarithmic the amplitude evoluticalk

proceed at the same rate (for a given sample).
3.2.4 Relaxation at different temperatures

One may wonder what the effect of the temperatur¢heVy induced slow dynamics can be. One
simple way to tackle this question may be to refieaisame TDE experiment at different temperaturhs.
result of such an experiment is displayed in Figl@e There we show the decreasing amplitude of the
second cusp onc¥, was set back to its initial value (step 3 of tHBE]. One sees that apart from the
temperature dependent amplitude of the cusp, thgations all follow the same “master curve”, adeup
to 20 K. The vanishing amplitude makes it difficuth perform accurate measurements at higher
temperatures. This experimental result shows thatsystem still has macroscopically long timesl€ast
10> sec) at 20 K. But it does not mean that the rélanaimes involved are temperature independent. To
illustrate this let us imagine that during the TREe two cusps evolution is due to the slow dynanat

some independent “degrees of freedom” of the systeoiving “forth” (step 2) and then “back” (step, 3)

each with their own characteristic relaxation tirne If these “individual” relaxation times depend on
temperature £(T)), then at each temperature change zthdistribution is shifted and the experimental time
window (from a few to 10secs in our example) corresponds to a differeaticse of it. If the Ln@@;)

distribution is wide enough and flat then the ekpental master curve is not expected to depend on
temperature. Th& dependence of thg is not seen as long as one of the tails of ghdistribution hasn't
entered the experimental time window.

A more stringent search for a possilelependence of the relaxation times is then tHeviahg:
perform a series of TDE experiment with step 2 stegp 3 performed at different temperatures; formgla
performing step 2 with the sanie (and of course the santg), and performing step 3 at different
temperatures. In that case if thane relaxation processes are involved “back” and Hoih steps 2 and 3,
one should observe different relaxation curvesstep 3. We show the result of such a comparisonemst

two temperatures in Figure 11. The second cuspagitten at 5 K in both cases (step 2), while it veaased



(step 3) at 5 K in one run, and at 8 K in another. Clearly, apart from the amplitude normalisatibath
curves are identical, which shows that the erastigecusp is not accelerated even if performed lagher
temperature than its writing. We conclude thateast in this limited temperature range, if Mginduced
cusp dynamics is due to a collection of degree$reddom which reversibly relax, then these are not

thermally activated. These results should of cobespursued at higher temperatures.

4. Discussion

We first summarize the experimental facts desdrddgove. We have shown that the conductance of
insulating granular aluminium thin films relaxegdoithmically to a lower value once the samplesshagen
cooled from room temperature. The relaxation cpweds to the slow formation of a sharp minimumhia t
G(Vy) curve centred on the cooling, which is most prominent at low temperature antighly insulating
samples. The application of a non ohmic bias veltadters that “cusp” similarly to an increase of
temperature. Changing the gate voltage erasesxtbting minimum and writes a new one centred on the
newV,. The relaxations obey simple aging and are lagait with time as long as a finite time history doe
not interfere. The gate voltage induced relaxatiates are not thermally activated (at least at low

temperature).

4.1 Comparison with the indium oxide phenomenology

As we noted in the introduction, qualitatively dianiphenomena have been reported in a few other
systems. We will restrict the comparison of ourlessto those obtained with indium oxide films, wakni
have been studied extensively, reported in gre@ildand have inspired our studies. The main pisithe
striking qualitative similarity between the behawi® of granular aluminium and indium oxide. All the
qualitative features which we have described haxe lalso been observed in the latter [5].

The similarity may also be quantitative. The cuspsplitudes are similar, and the widths are also
comparable (at a givem). More precisely, in InQthe cusp widths depend on the oxygen concentration
(electron doping level). When expressed in gataded surface charge density, they are the sanieimgy
doped InQfilms as in granular aluminium. The TDE masternvesr(Figure. 8-b) are also very close.

Recently aging experiments equivalent to the oneslv in Figure 9 have been reported for indium
oxide [20], and a simple aging has been discusssthciated with the growth of the second cusp. Jéwsns
to contradict our observation that the second casplitude grows independently &f. Actually the
discrepancy is only apparent. In [20] the agingespp because the quantity discussed is not thedecsp
amplitude (which we evaluate &pas ine — Grinimum of second cusp) DUt @ quantity which combines both the first
and second cusp amplitudes (the difference betwleeractually measured conductance and the one that

would be measured hag not been changed).



Some real differences may however be pointed autt,we feel these still need more experimental
inspection. In InQ the magnetic field was reported to slow Yhenduced relaxation [21], although it has no
effect on the “steady” cusp itself. In our case atteration of the steady cusp or of the dynamfdbe® TDE
was observed up to 7 Tesla at 4 K. For exampltharcourse a TDE, switching on or off the magniic
has no effect on the dynamics observed. As foetfext of the temperature, recent studies in,ls@gested
a deviation of thd dependence of the cusp width from the linear bielaat lowT [16], and an increase of
the cusp dynamics when lowering the temperaturg A2Zure experimental efforts will be devoted he t

investigation of these differences.
4.2 Relaxation functions

The Lnf) dependences we observe for the conductance praruplitude time evolutions, suggest to
analyse the relaxations as resulting from the stimdividual contributions. Let us suppose that e a
collection of “degrees of freedom” in the systemhiaein respond slowly to external disturbances. For
instance in the TDE, they may relax “forth” where thate voltage is changed to a new value, and then
“pack” to their initial state onc¥j is set back to its initial value. Le&tbe the relaxation time of a degree of

freedom 17, meaning that if a disturbance is applied at tirse0 the probability it has relaxed in response to

it at time ‘t” is (1—exp(—i))- Then during step 2 of the TDE the conductanceaheariation (second “dip
T

amplitude) given by:

AG(t <t,)=AG, Y. (1- exp(—%)) (1)

At t = t,, the process is reversed (step/gset back to its initial value). If we further assithat the

relaxations “back” and “forth” have the same retimtimes, the second “dip” amplitude is erasé&d:li

t

AG(t >t,) = AG, Y (L- exp(—tr—w)) expt "ty )
With relaxation times such that Lr) has a flat distribution, these formula reproduwdurally the
experiments. They indeed give: i) simple aginglogarithmic relaxations in step 2 or in step 3tka,, iii) a
saturation in step 3t,), with a calculated relaxation function very cldsghe master curve experimentally
determined as shown in Figure 12. We stress tindikeuother approaches involving stretched expaaknt
or trap models [20], the remarkable agreement lerwthe calculated and measured master curves is
obtained here without any fitting parameter. Thues macroscopic conductance relaxations we obsentve ¢
be well described as the sums of distributed indéeet relaxations (the same is true for the rasigta
owing to the small relative amplitude of the cha)ge

Different master functions or aging laws can ofrseube obtained with such a model, depending on the

relation between the forth and back relaxation $irffre—- and 7 . ). For instance withr,___ = Kk7,__, one

i<——
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still gets simple aging but with a master curveussting for tizk (instead oftizl), and for

w w

: - , : :
T, =(7,.__.)" one gets a master curve scaling vw%h—ﬂ Although the precise mechanism at work is not

w
known, one can imagine that upon increasing theliardp of the perturbation applied to the system to
induce a relaxation, the relation between. and 7, .- can be modified and the simple aging can be #sst,
was observed in TDE experiments with nfOr large enoughlv, changes [23]. One such mechanism could
involve the modification of the potential profilé some tunnelling entity by the applied electrieldi (see

below).
4.3 Do we have an electron Coulomb glass?

Our description of the relaxation curves is pughenomenological and tells nothing about the playsic
origin of the system’s slowness. In the remainifthts paper we want to discuss different sceraré can
envisage.

Since we could not find any signature of a therawivation of the dynamics, we suppose it procésds
tunnelling events. The tunnelling entities may ¢esi or electrons. If the tunnelling events arevirflial, a
quick estimate shows that for ions the tunnel besrimust be rather low (in the meV range), otherwlie
relaxation rates would be un-measurably long. Fectens on the contrary the relaxation times wdagd
un-measurably fast unless the tunnel barriersather thick (several tens of angstroms). Anothesiility
to have long enough electronic relaxation timdsas the electrons are highly correlated and eawcheiling
event involves many electrons.

In the case of ions, one can imagine that the atiadae relaxations we observe are due to the imflue
of slowly relaxing ionic configurations on the dl@n conducting channels. We call this tedrinsic
scenario. In the case of individual electron tunnellingisithard to believe that the conduction proceedis on
by such low frequency hops, because then the sampéestance would be un-measurably high. It isemor
reasonable to assume that conduction proceeds digregectron tunnelling events, and that the slow
localised electron events influence the conductibannels, just like the ions do in the extrinsiersrio.
Finally the highly correlated electron scenarioresponds to th€oulomb glass scenario.

We now discuss the scenarii in more detail, andarsee to what extent they can explain the fiéfiece

measurements.
4.3.1 The model of Cavicchi and Silsbee

A kind of extrinsic scenario was first advocatedAsikins et al. [3] to explain the occurrence db@v,)

cusp in granular gold films. Actually this explaioat like the experimental results, is very remieist of

11



findings first reported forty years ago [24], whialere reproduced and discussed in more details lhgte
Cavicchi et al. [25]. We briefly recall these eantgrks and the essence of the model proposed, dabeds
are given in the appendix. For simplicity we use tibtations of Cavicchi et al.

The experiments described in [24] and [25] consisineasuring the differential capacitanCeof a
plane capacitor which contains small isolated rietedlands inside its insulator, close enough ne of its
two plates so that electrons can tunnel back amth foetween that plate and the islands. In today’'s
terminology the islands constitute a parallel arcdy‘electron boxes”. Measurements of the diffei@nt
capacitance of that system as a function of anegplC voltage/s revealed a cusp, with a phenomenology
very similar to that of ouG(Vy) cusp (bias induced slow relaxation and memorycedf¢TDE), thermal
memory). The analysis of the phenomena was asisl{see the appendix for more details).

The tunnelling events between the islands and dahy plate contribute to the global capacitance
measured. At low temperature their occurrence v@gaed by Coulomb blockade. More precisely one doul
expect each island to provide a periodic contriputo C measured as a function\df. It is tempting to seek
for the origin of theC(Vs) anomaly in these Coulomb blockade oscillatiomsyédver the authors showed that
due to the ever present island potential disottiese should be dephased and no signature shaoddnrén
C(Vs). A mechanism for the origin of the cusp and itsvsdynamics was proposed: a slow relaxation of the
polarisation of the dielectric surrounding the riietaslands. In brief, the interplay of that pdkation
relaxation and of the discrete changes of islaratgeh states it induces, partially rephases thevithatl
periodic contributions, resulting in the formatiofha cusp centred on the waitivg This mechanism has
some similarity with the one encountered in e.g giasses. For a givew, the islands can be divided into
“soft” (their charge state easily fluctuates) ahdrtd” ones. The slow formation of tkV,) cusp is due to a
slow evolution of the local electric potentials (felds) which reduces the number of “soft” islands
However that mechanism is “extrinsic” because tlwvscusp evolution reflects the dynamics of the

dielectric polarisation surrounding the islandg] annot intrinsic to the charges on the islands.

The origin of the slow polarisation is not precyskhown. But since several decades, a wide vaakty
experiments have demonstrated the ubiquity of sttymamics in a wide range of materials at low
temperature. The anomalous thermal and acoustepres of amorphous solids at Iow(below ~1 K)
have been attributed to atomic or ionic two leysitems (TLS), which relax with macroscopic chanastie
times [26]. These have been observed in metallidnsulating amorphous materials, as well as in
polycrystalline materials. The low frequency naibserved in small semiconductor devices [27] qolémar
tunnel junctions [28] at low temperature is beligve be caused by charge carrier trapping/detrgpipithe
dielectric. The slow dynamics of this process wi#ribaited to slow atomic/ionic TLS which jumps altbe
traps configurations. Signatures of atomic jumpkwattemperature have also been observed in megiasco
quantum interference effects [29] and in point aeohtspectroscopy [30]. A slow relaxation of the
polarisation of amorphous dielectrics at low terapgnes has been studied in detail [31], also atteith to

the dynamics of ionic TLS. Interestingly, a cuspswabserved in th€(V) curves, showing a dynamic
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phenomenology quite similar to the one we preseatsve. In that case, the slowness of the relaxasio
believed to be intrinsic to the isolated TLS, the existence of the cusp is ascribed to interastimiween
them. This case is thus intermediate between tkiifigic” interpretation of the cusp given by Cashc et
al. (involving a collection of independent enti)i@sd the Coulomb glass interpretation discussémbgor
which the slow dynamicand the cusp are attributable to the long range iotema between the carriers
localized on the islands). In closer connectionuo samples, the effect of “offset charges” ongheperties
of Coulomb blockade devices was outlined sincertheginning [32]. It has been studied in some tletai
more recently [33] and discussed in terms of TL&sent in the oxide surrounding the metallic islands

To summarize, there is ample evidence that at émmperature, even though long range atomic or ionic
diffusion may be absent, local jumps are alwaysgmeand influence the electronic properties inowar
ways. Actually the picture of a two level systenvigersimplified and there is experimental evideti
clusters of atoms/ions (maybe composed of tensheim}, possessing several intermediate metastable
configurations, are present [34]. The dynamics wafhsentities may be complex. Their relaxation can b
induced by temperature, voltage or light illumioati Although at high temperature the relaxatioesaire
generally thermally activated, at low temperatureytmay be temperature independent or, in somes,case
increase whe is decreased [35]. It was even shown that theentirflowing through the devices can
influence the dynamics of the TLS [33].

We believe that these facts cannot be ignored wiwrsidering our results, and that the purely
electronic nature of the glassy behaviour we olesennot self evident. In the next section we trsee to

what extent the “extrinsic” interpretation may oaymot explain our findings.
4.3.2 Application of the extrinsic scenario to ouexperiments

The experiments discussed in [24] and [25] are ®Emifhan ours because the metallic islands are
measured in parallel so their contributions todhpacitance are additive, and the islands are a&sktonbe
independent from each other (no electrostatic ¢ogptor charge transfer from island to island). be
contrary in our case the measurement involves eeruflowing from island to island. In section 4a2
assumed that the contributions to the conductaatzxation are additive, but a priori the macroscopi
conductance (or resistance) is not a simple sumdi¥idual conductances (or resistances). Howethrer,
effect of local resistance variations may be adéitThe resistance of a macroscopic percolatinggsysuch
as ours is that of the sub-network of critical sesices. These are all of the same order (of ther @fR.)
and a given variation of any of them induces thmesamall relative change Bf. We expect the variations

of a number of them to have a cumulative effecRgrat least as long &%remains small enough.

The mechanism of Cavicchi et al. can be appliegkfglain the formation of ou®(V,) cusp. We assume
that some of the critical resistances are isolains which, together with the gate electrode Hred

neighbouring leads of the percolation path, comstisingle electron transistors (SETs). Taking @csl
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2
grain diameter of 50 A and a tunnel barrier 10 ikktwe find that% is of the order of a few 100 K, so that
(o

grains can be subjected to Coulomb blockade abwallmeasurement temperatures. As long as the bias
voltage is low enough, the discussion is not dififérfrom that of the electron boxes of CavicchaletThe
dielectric polarization has the same effect on3&d islands potential distribution (or on t¥e distribution,

Vb being the difference between the island and cldaé potentials). The gaps appearing in e

distribution neary € alter the macroscopic conductance in the sameagapey alter the capacitance in
- 2c

the Cavicchi et al. configuration, and give riseatdlip in theG(Vy) curves. At zero temperature the cusp
width is determined by the amplitude of the diaiectelaxation around the islands. The latter cambn
zero since it can occur by tunnelling. At= 0 one thus expects@(V,) cusp with a non zero “intrinsic”
width.

Finite temperatures can modify the picture in salvemays. For simplicity we restrict our discussion

the case of non activated polarisation proces€s TBe “soft” grains are now those islands withclose to

J/E within kB%. Their charge state thermally oscillates between values, which results in a
~ 2

broadening of th&/, distribution edges. This results in a broadenihthe Vp distribution gaps, and of the
G(Vy) cusp. In our experiments the cusp width is probpoal toksT in the whole temperature range, thus the
thermal broadening is always larger than any isitinvidth. The measure@(V,) cusp width should be of

C : . . . : .
the order of a fewm ke T, wherec is the total capacitance of a typical SET islanktiee to its

C

environment and:ggrai” is its capacitance relative to the gate. Owingh® $creening by the neighbouring
grains, we estimate a typicaa:lgJrajn using the planar capacitor formula. For sampleth wi 1000 A thick

Al,O; gate insulator we estimate® _ = 500 and a cusp width of a few times 200 mVTat 4 K, which is in
Cgram
9

agreement with the experimental value of 1 V.
In this “extrinsic” model, the electrons by themves have no memory. Therefore the mechanism of the

thermal memory (demonstrated in Figure 6 ), mustdagght in the dielectric polarisation. A plausibhigin

may be as follows. At a finit&,, the islands with/p close toyi within kB% oscillate between two
- 2c

charge states, their average charge dependingpoio does the electric field around them. The slow
dielectric polarisation responds to the averagetiidefield around the islands. Thus, islands whigiuld be

in the same charge state at= 0, and would then be subjected to the same dlizlepolarization, are
subjected to different dielectric polarisationsTat which is determined by theW,. When the sample is
guenched fronT; to T,<<T, the islands charges essentially stop oscillatiogthe distribution of dielectric

polarisations is kept in it$; configuration, maintaining a broadened anomalyhiaVy distribution, and
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hence in theG(Vy) curves. This suggestion for the mechanism oftkie@mal memory should be further

investigated and quantitatively checked.

The preceding discussion shows that the “extringiotlel developed by Cavicchi et al. can be used to
explain reasonably well the experimental findingsivave reported. However a quite different integiren

can also be invoked, based on the Coulomb glasspbnwhich we now consider.

4.3.3 Electron Coulomb glass interpretation

The experiments on InQhave been interpreted in the quite different fraom of the Coulomb glass
[5, 37]. In brief, the Coulomb glass state resfribgn the strong localisation of the carriers byodier and
the ill-screened Coulomb repulsions between therctiwhtrongly correlate their movements. TGEV,)
cusp can be understood in the following way: theteay has its minimum conductance in its grounc stat
that an excitation to a higher state (like whenngjireg the gate voltage) increases the conductamzkthe
relaxation to the new ground state at the new galtage is extremely slow. The main experimentadiifig
supporting the idea that electron correlations essential is the effect of doping: increasing theeteon
concentration in InQwidens the conductance cusp and significantly sltve relaxation, as qualitatively
expected for the Coulomb glass [7].

The Coulomb glass ideas may also be applied toutaametals. The similarity between this system
and continuous disordered insulators has beemnedtlj12]. The metallic grains play the role of liosed
states, the site energy disorder arises from theayasl present distribution of grains potential, ahd
Coulomb interaction between charged grains setsirttezaction energy scale (of the order of a grain
charging energy for nearest neighbours interaction)

On the theoretical side, the Coulomb glass andxgerimental manifestations are now the subjeet of
renewed interest [38, 39, 40, 41, 42, 43]. Althotlghquestion of a finite glass transition tempaetn real
systems is still theoretically debated [41, 42, 44}l experimentally unanswered, there is a consethst
the relaxation of a Coulomb glass through the lgwg metastable states involve multi-electron hapgch
can have arbitrarily long times.

In order to test the Coulomb glass interpretatmme needs theoretical predictions directly appleab
the experiments. Long time relaxations have beesdigied to be logarithmic in accordance with
experiments, but this is by no means a distindieture. The precise mechanism for the cusp foanas
debated. The suggestion that it is a direct imagéhe formation of the Coulomb gap [9, 39, 45] can
probably be ruled out. The relative conductancengba are rather small (at most 20%), while it sthoul
change by orders of magnitude upon the formatiorthef Coulomb gap. More over the cusp width is
proportional tokgT, unlike the Coulomb gap. Finally the latter is ecied to essentially form in short times
[38]). Pollak et al. [37] suggest that the perttidiacaused by a change\g mainly comes from a change in

the localised sites energies, which destabilizeststem. On the other hand Lebanon et al. [46}esighat
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the main effect on the conductance is due to thie ahthe chemical potential within the Coulombpga
induced by the injected carriers. The subsequemt sbnductance relaxation (and the new cusp foongati

corresponds to a rather small readjustment of tbeldinb gap to the new carrier concentration. These
authors have made some predictions which can liedted simple criterion for the cusp widtAV,
predicts:
e’v,d e’v,dE
0 k T _ 0 C
c, ° 2C

g g

eAv, =2Ln(2)

®3)

whered is the film thicknessC4the gate to film capacitance per surface unithe bare density of states and

E. the Coulomb gap width. A direct application to griam metals, with the disorder limited by the chagg

n
energy (hence/, = Eg whereny is the grain surface density aBgdis now the charging energy) gives:

C

AV, = 4Ln(2) —[keT —ky T, (4)
cs

EC
4Ln(2)

with kT, = (céerajn is the planar capacitance between the gate anaimlde previously). The slope

of the linear dependence of the cusp width withperature is thus consistent with our measuremants,
similar to that expected from the Cavicchi-Silsbezdel. The negative constant term given by theiptied
is not observed in our experiments, but recent mgaesimulations [47] show that the cusp width nbeyd

to a small finite value ab> 0, which can be consistent with our experimensthd
4.3.4 Open questions

The origin of our cusp and of its slow dynamicstil an open question. Our experimental resulés ar
very similar to the ones reported in lpn@Vhile the “extrinsic” interpretation seems moessidy applicable to
granular metals and the Coulomb glass model t@,lit@eems to us that both explanations could Ipdieap
to both systems. In the case of In@he effect of the electron doping level on thepcand its dynamics
favours the electron Coulomb glass. However we Ish&aep in mind that the doping is obtained by
increasing the oxygen deficiency, and the natuderammber of “extrinsic” ionic degrees of freedonlL&r
etc...) most probably depend on the quite high vacaonacentrations.

We also remark the striking point that the slovaxation is observed for samples relatively closthéo
metal to insulator transition. For instance it voaserved in a sample witk,(4K) = 100 KQ andRu/Rspok =
8,6. In these, the effects are more difficult tcaswe because thelative conductance changes become tiny
(in the case mentioned the “steady” cusp amplitude 0.03 %), but the relaxation times seem to Heras
as in more insulating samples. This behaviour fseted in the “extrinsic” context. It is more susprg in
the electron Coulomb glass framework, but it mageafrom the intrinsic inhomogeneity of the systems

One can perhaps imagine percolating conducting rilianinfluenced by the slow relaxation of nearby
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electronic glassy zones, so that the electron gtess manifest itself in macroscopically metalliargaes.
Bielejec et al. [48] reported on the observationaotlow conductance relaxation witallic ultra-thin
guenched condensed Al films, following a cool-doatrHe dilution temperatures. It is difficult to as@in
whether the phenomena occurring in that case &edme as the ones we studied, but clearly stadies
lower temperatures deserve further experimentahtn.

The distinction between the extrinsic ionic scemamd the Coulomb glass is all the more diffichhtt
one can expect qualitatively similar effects froothb For instance studies of slow relaxation phesiwamin
structural glasses have shown that the TLS arerathmplex, their transitions involving the reagament
of several ions/atoms. They may display quite cexplynamics, and their rather low activation eresgire
in the same range as the ones of electron coowrlati Coulomb gap energies. Thus, from an expetiahen
point of view, we feel that the question remainsrmgpvhether we have the simple situation of a ctta of
independent extrinsic degrees of freedom influegdie current carrying electrons (giving rise titaation
similar to the one suggested recently for anotlystesn [49]), or if we observe the result of thehyg
correlated dynamics of the electron Coulomb glelgsto now we see no clear-cut experimental reshithv
designates the proper interpretation without anibigu

The study of small samples may be a route for ebanderstanding of the physics involved. A more
detailed account of the mesoscopic effects obsdrnvedcrometric samples will be given elsewhere,just
want to point here to a rather curious observation.

When the samples dimensions are small enough @pibelow tens of microns), the field effect
curvesG(Vy) display reproducible fluctuations, like the ors&®wn in Figure 13. At liquid He temperature,
they are very stable, their pattern can only bengkd by heating the samples. As shown in Figuréhé&4
G(Vy) cusp is superposed on the reproducible fluctnati®Vhen the cusp is changed (for instance like in
Figure 14 or in a TDE), the fluctuations are esa#imtunchanged. Whatever the origin of the repmblie
fluctuations is (Coulomb blockade, geometrical namfum effects), they should be sensitive to change
the local electric fields and should thus be gosksrs of the “extrinsic” dynamics. Their stabilillow T
could then indicate that the “extrinsic” degreedreédom are frozen, and that the cusp and itsrdigsado
not depend on these (thus favouring the Coulomésgiaenario).

However, since the cusp relaxation can be indugeeldxtric fields, it most probably involves charge
and electric field redistributions. It is then gqugurprising that the reproducible fluctuationsrasesensitive
to these redistributions. The fact that the cugp the fluctuations are simply superposed and seehnave
independent dynamics is thus quite mysterious td'lie resolution of that paradox would probablyphiel

understand the origin of tH&(Vy) cusp and of its glassy behaviour.
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5. Summary

Electrical conductivity measurements have showh ghanular Al thin films do not attain equilibrium
in laboratory times after they have been coolethfroom to liquid helium temperature. The slow rakon
towards equilibrium is manifested by the evolut@na field effect anomaly, which displays a therraad
applied gate voltage memory. The relaxations oleskare logarithmic in time, and display simple ggm
V, induced relaxations. The relaxation phenomeno(sgyple aging and master curves) is the same a&s tha
of a collection of independent “degrees of freedomtiose relaxation has a cumulative effect on the
sample’s conductance, and occurs according to-fdbgistribution of characteristic times. The abse of
temperature dependence of the dynamics suggests itthproceeds by quantum tunnelling. The
phenomenological description of the relaxation esrdoes not say much about the physics involved. It
appears that the experiments can be interpretaginims of an “extrinsic” scenario involving the idince of
slow ionic movements on the electronic transparin@erms of an intrinsic glassiness of the elmst

In order to progress on these questions, one nemate theoretical predictions which can be
experimentally tested. In particular, almost alkdhetical studies of the electron Coulomb glass are
performed in the classical (highly localized) limithile experiments are performed in the quantumitliOn
the experimental side, insights in the physics rhaygained from a systematic search of similar dut o
equilibrium phenomena in a wider variety of systemsorder to identify the conditions under whidtey
are present. The study of smaller samples, whemsunepic effects become important, can also giveesom

insight in the physics at work. Such studies ass@ntly under way, and will be reported later.

Acknowledgements

We wish to acknowledge numerous very fruitful dssians with Z. Ovadyahu, M. Miiller and M.V.
Feigel'man, as well as with L. loffe, K. K. LikhareM. Ortuno, M. Pollak and B. I. Schklovskii.

Appendix A

In this appendix we recall the basic mechanism geegd by Cavicchi et al. [25], based on a first
suggestion by Lambe et al [24], to explain the fation of a cusp in capacitance measurements. Ttherau
discuss the differential capacitance of a planeciapr which contains small isolated metallic islarninside
its insulator, close enough to one of its two @ate that electrons can tunnel back and forth hertviieat
plate and the islands (Figure. 1.A). In today’'sni@ology the islands constitute a parallel arrayedéctron
boxes”, each of which adds its own contributioritte differential capacitandg measured as a function of

an applied DC voltag¥..
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As is well known, wheny 1 <<i2 and the junction resistances are high enowugiss (the island
2c

capacitance defined in Figure 1.A) Coulomb blockddeninates the charge transfer to the islands.rThei
charge states are quenched, except Whene/2¢, + nelc (¢ is defined in Figure 1.A). When this condition
is met, they can fluctuate between two degenetaege states and contribute to the differentiahcapnce.
Thus their contribution t&€(Vs) as a function of the bias is a periodic seriepazks. Cavicchi et al. recall
that in fact the periodic contributions of the wai$ islands are not in phase. One reason is thaskmnds
work functions can differ markedly from one anoth@oreover they may be influenced by various stray
charges. The result is that their Fermi levels fotentials) are broadly distributed, and their queid
contributions to C(Vs) are correspondingly shifted. The sum of thesefoumily dephased periodic
contributions is a flat function, thus tlg§V,) curve should show no cusp. Note that in fact;esithe Fermi
energy difference between an island and the neatbgtrode €Vp) cannot exceed?/2c, one has a
rectangular distributiorN(Vp) delimited by +/e/2c. If for some reason one island hag|Pe/2c, charge
transfers would occur, which would shify by increments oé&/c until Vp|<e/2c (steps P2 in Figure 3.A)
Anyhow the rectangulaX(Vp) still gives a flatC(Vs). The periodic contributions of islands with diatVp

are sketched in Figure 2.A.

But these expectations are contradicted by therampats wich reveal a cusp in tH&V;) curves
(centred onVs = 0 if the system was cooled in that condition). 8xplain it, one must find a mechanism
which modifies the rectangulaN(Vp) distribution, and partially rephases the indidHuperiodic
contributions taC(Vs). One way to achieve this is to depré§¥p) around its edgegp = +/-€/2c, since the
islands with thes¥}p 's contribute taC(Vs) aroundVs = 0 (see Figure 2.A) [50]. Actually, were all tistands
identical, a periodic series of dips would resmlC{Vs) atVs = + ne/c,, but owing to the broad distribution of
¢, these are damped and there only remains a dp=a0, as is generally observed in experiments.

If Vs is set to another value, tMg of the islands are shifted, the depressions ifN{(vg) distribution

are not arouneyi anymore, so that they are erased and new oneseated at the proper location. This
~2c

is what happens in TDEs.

Cavicchi et al. propose a mechanism for the deplatf N(Vp) atVp = +/-€/2c. The slow modification
of N(Vp) is caused by an interplay between a slow pol@oisaf the dielectric material surrounding the
islands and the discrete changes of island chaegessit induces. The mechanism is illustrated igufe
3.A, where we schematize step by step INgWb) is altered. First in situation (1) we recall wkia¢ situation
would be if all the islands were neutral: théiywould be broadly distributed. In (2), those islamehich had
[Vpo|>e/2¢c in (1) have lost or gained electrons so that thew all obey Vp|<e/2c, giving the rectangular
distribution. Most of the islands are now chargElde charging of the islands has incremented thetrade
fields around them, to which the dielectric respobg polarizing. From situation (3) on, we isol#tese

islands which charge 1@ = e in situation (2). The dielectric polarization ghHeirVp 's upward as shown in
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(4). Those islands whictip has been shifted aboe€c loose one more electron (thé€n= 2€) so that they
enter [e€/2c, + €/2c] again, filling the gap neavp = -e/2c (5). The increase of electric field created by the
extra charging again polarizes the dielectric surding the islands witlQ = 2e, which potential is once
more shifted upward (6). The result of that seoiiggrocesses is a gap n&ar= -e/2c in N(Vp).

It is easily seen that all positively charged idsrcontribute to the same gap et2e, while the
negatively charged islands contribute to a symmep at €/2c. The width of the gap is determined by the
amplitude of the dielectric polarisation induceddy increment of electric field. According to thmobdel,
the existence of th€(Vs) anomaly and its long time evolution are thusinberent to the electron dynamics
in the system (jumps to / from the islands), buthe slow dynamics of the polarisation processethef

dielectric. The precise nature of these polarirafimocesses is generally not known.
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Figure captions
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Fig. 1: XRD spectra of the (111) and (200) lines of Al siw&d on a series of four 5000 A thick samples,
evaporated at a rate of 1.8 A/sec, in differentgxypressures: (&0, ~ 10° mbar; (b):Po; ~ 1.2 10° mbar;

(c): Poz = 2 10° mbar; (d):Po; ~ 3 10° mbar. To give an idea of the electrical propertigshe films, the
R(4K)/R(300K) values are: (a): 0.28 ; (b): 0.93 ; (c):31;%d): 7.7 10.

Fig. 2: Normalised resistance versus temperature curves $eries of 200 A thick granular Al samples. In

the inset is shown the conductance versus biaagelturve of th&(4K)/R(150K)~ 100 sample.

Fig. 3: Typical field effect curves(V,) obtained at 4 K with a MOS device whose granéllachannel has
R(4K)/R(300K) = 2 18 andR,(4K)= 32 MQ.

Fig. 4: Effect of the temperature on the conductance “tulipe FWHM and amplitude at each temperature
are extracted from a lorentzian fit (a), which give good description of the cusp (except at theesdw
temperatures). The FWHM increases linearly Wittb), while the amplitude vanishes (likeTdin the case

of this sample) (c). Sample wiRk,(4K)= 2 Q)

Fig. 5: Cusp relative amplitudes (in %) measured for tltifflerent samples, of varying insulating strength.
From left to right:R,(4 K) = 200 K2, R,(4 K) = 300 M2 andR,(25 K) =1 TQ.

Fig. 6: Slow relaxation of th&5(V,) cusp after cooling a sample. (a): evolution af tusp shape after
cooling from high temperature to 4 K. From top attbm: curves taken 19 min, 38 min, 76 min and 3&®
after the cooling (the curves are vertically shiffer convenience). (b): logarithmic time evolutiohthe

cusp depth after the cooling. Same sample as uréi.

Fig. 7: “Two dips experiment”: the sample is first equiibed withVy = O (step one, top curvey is set to
2.5V for 3 hours (step 2), which results in a secdip (second top curve). Aftéf is set back to zero, the
second "dip" vanishes (step 3, five lower curvesasured each 24 minutes). The curves are shifted fo
clarity (T = 4 K). Sample witlR,(4K)= 1,3 Q.

Fig. 8: (a) time evolution of the first (increasing) and set@decreasing) cusp amplitudes in step 3 of the
TDE. The sum of the two cusp amplitudes remainsstzon. (b) illustration of simple aging and of the
master curve in step 3 of the TDE. Shown is theedesing amplitude of the second cusp which wagesrit

in step 2 during (from left to right): 1080 sec0B84sec, 27000 sec. The inset shows the perfectpsalof

the curves once plotted as a function of the rediticeet/t,, (T = 5 K). Same sample as in Figure 4.
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Fig. 9: time evolutions of the first and second cusp amgés during step 2 of a TDE, for two durations of
step 1 (300 s and 3000 s). Decreasing curves: ameldf the first cusp being erased (left curveesponds
to shortert,); increasing curves: amplitudes of the second $ipng written. Sample witR,(4K)= 500

MQ.

Fig. 10: time evolution of the second cusp amplitude inpsB of the TDE, performed at different
temperatures (in order of decreasing amplitudésk45.5 K, 6.5 K, 8 K, 12.5 K, 15 K and 20 K). Theset
shows that the vertically rescaled curves all psléaon the same master curve whatever the tempeiatu

Same sample as in Figure 4.

Fig. 11: Time evolutions of the second cusp amplitude &p & (erasure) of the TDE, performed at the same
and at a higher temperature than step 2 (writifilgi writing was performed dt= 5 K, and the erasure was
performed at 5 K in one case, at 8 K in the otlasrec Note that the second curve is vertically sicalehe
first one. We see that the erasure process isauelexated when performed at higher temperatune ttinea

writing. Same sample as in Figure 4.

Fig. 12: time evolution of the second cusp amplitude irp }eof the TDE, as measured (diamonds) and

calculated as in the text in the continuaugistribution limit (line).

Fig. 13: reproducible conductance fluctuations of a snehle (0.1 x 0.5um?), the time interval between

each curve shown is 6h40min (curves are shiftedlfoity).

Fig. 14: Formation of a cusp af; = 0, superposed to stable conductance fluctuatioassmall sample=@0
x 30 um?). Prior tot = 0, the cusp was “eliminated” by imposing a rantjovariable gate voltage (curves

are shifted for clarity).

Fig. 1.A “Tunnel” capacitor, studied by Lambe et al. [2#daCavicchi et al. [25], and its “electron box”
equivalenticy is a typical tunnel junction capacitance (islancibse plate capacitom, is the typical island

to distant plate capacitance, we deforecytc.

Fig. 2.A Schematized contributions to the differential cagamceC of islands of differen¥/p. Islands of a
given Vp contribute a periodic series of sharp peaks (fowmit). The phase of this series of peaks is
determined byp. The examples shown are fds = O (grey peaks) and, = +/- e/2c (“soft” islands, black

peaks).
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Fig. 3.A Mechanism for the formation of a gap at the edgdbe rectangulal(Vp) distribution. In situation
(1) we show a broad island potential distributigmior to charge transfers with the close plate. The
rectangular distribution shown in situation (2pkstained once islands previously havivg|$e/2c have been
charged until theiMp|<e/2c. For simplicity, we then restrict the discussionglands having a chargg =e

in (2) (theirN(Vp) is isolated in (3)). The electric field creategthe transfer of the chard@@ =e polarizes
the dielectric, which shifts the island potentiafsvards (situation (4)). The islands which haveeonore
[Vb|>€e/2c lose one more electro®(=2e), which shifts theiVp by -€/c, thus filling the gap neavp= - e/2¢c

(5). The extra electric field created by this setamarge transfer increases the dielectric polaoiza
shifting again th&/, of these islands upward, finally creating a gathe&\, distribution nealWp= - e/2c (6).

It can easily be seen that all islands with a pasitharge in (2) contribute to the same gapl(¥ip), while

these with a negative charge create a symmetrigahgahp= + &/2c.
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