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Evidence for Interactions in Nonergodic Electronic Transport
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It is shown that the nonergodic effects observed in field-effect experiments on insulating indium-
oxide films (as well as in other Anderson insulators) depend in a systematic manner on the carrier
concentratiom. The results are interpreted as evidence for interactions. [S0031-9007(98)06660-5]

PACS numbers: 72.80.Sk, 72.20.Ht

The existence of a glassy phase in electronic systemi)*> cm™3. Over this range the On atomic ratio, as
was theoretically predicted by several authors [1]. Experimeasured by Rutherford backscattering, covers the range
mental evidence for nonergodic behavior in such systemq,.38—1.12, respectively. InOsamples with nine differ-
called Fermi glasses, was recently observed in fieldent n were prepared during this study, and at least two
effect experiments in Anderson-localized crystalline andsamples for eaclt were measured. The samples had
amorphous-indium-oxide films [2], granular Au films [3], lateral dimensions of.5 X 0.5 mn? and thickness of
and granular Pb films [4] where an anomalous symmetri@00 = 20 A. The degree of disorder for a specific compo-
component appeared in ti&(V,) plots around the gate sition was deliberately fine-tuned by thermal annealing [6]
voltage V, at which the sample was cooled down to low in such a way that & = 4.11 K all samples had similar
temperatures. A qualitative explanation of this anomalysheet resistance [® (typically, R =~ 1-10 MQ). (The
based on the sluggish relaxation inherent to electroni¢eason for aiming at a constagtwill become clear below.)
transport in the hopping regime was given in Ref. [2]. oOnAll data reported below were taken at this convenient
the other hand, the quantitative aspects of these effectiemperature.
and, in particular, the dependence of the relaxation time The film’s conductivityG (G = R™') was measured
on material parameters, have not received due attention.using a two terminal ac technique employing a ITHACO

In this Letter we report on a systematic study of thesel211 current preamplifier and a PAR 124A lock-in ampli-
anomalies in amorphous-indium-oxidmO,) films as a  fier tuned to the measuring frequency._ Spurce-dram_ volt-
function of carrier concentration. It is shown that a 2des were such that the conductaxzés in the Ohmic

typical relaxation timer in these experiments changes fegime. o . _ _
from 103 s to ~1 s whenn is reduced from102' to A main tool in this work is the two-dip experiment

4 % 10" cm™3. We discuss these results and argue tha(TDE) [8]. This involves the following procedure (cf.
interactions must play a dominant role in the observed slo'9: 1 @s an example). The sample is cooled to the mea-
dynamics. In addition, the characteristic widih, of the ~ SUring temperature with a voltagg held at the gate, and
cusplike minimum irG (V,) is observed to depend arin a is alloyved to equmbrate_ for several hours. TherG@,)
systematic manner. When compared with results obtaineace |sotaken by sweepirlg, across a voltage range strad-
for other systems, this dependence appears to follow 9ng V. The resultingG(V,) exhibits a minimum cen-
common trend which attests to the ubiquitous nature ofered atv; which reflects an inherent feature of a hopping
these anomalies. system—its equilibrium conductance is at a local mini-
The present experiments employed a MOSFET-likdnum [2]. At the end of this sweep, a new gate voltage,
structure, InQ film serving as the semiconductor, and a Vs (differing from Vi by typically few volts), is applied
0.5 wm thick thermally grown Si@as the dielectric sepa- and maintained at the gate between subsequigstveeps
rating it from a heavily doped Si wafer serving as a gatethat are taken consequtlvely at latter times (measured from
electrode. The amorphous-indium-oxide films used her&® momentVy was first applied). Each such sweep re-
were prepared by-gun evaporation of 99.999% pure vealstwo minima; one aﬂlg which fades away with time,
In,O5 by a method fully described elsewhere [5]. Thisand the other a¥y whose magnitude increases with time.
method results in amorphous structures without any tracéhe TDE then amounts to studying the dynamics of the
of free In inclusions that plagues other preparation tech=forming” of a cusp at a newly impose¥; and the “heal-
niques. Furthermore, by a judicious choice of evaporatiomng” of an “old” cusp ath. A characteristic time- is de-
rate and partial © pressure, the carrier concentration fined as the time at which the amplitude of the cuspat
(estimated from Hall-effect measurements at room temjust equals the amplitude of the cusp‘/@t This 7 is eas-
perature) of the film can be varied [5] betwe¢f!”— ily obtained by interpolation betweef(V,) scans taken
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60 M.\.;-”r—“ FIG. 2. The width of the cusp as a function ofi. T is taken
6.35 |- M\\M{ﬁ J e | as the width at half-height of the cusplike anomalyGitV,)
7 measured for each of the samples following a cooldown to
i 4.11 K with V, = 0 imposed and maintained for a few hours.
6.30 . ) . . \ The dashed line is a guide for the eyes. Inset: The effect of
-10 5 0 5 10 sweep rate on the cusp shape for a typical sample. The top two
Vg (V) curves depictG(V,) traces taken with sweep rates of 0.03sV

(empty circles) and 0.6 X6 (full circles). Lower traces (shifted

FIG. 1. Conductance versus gate voltage for a TDE of twofor clarity) are the same data after amplitude normalization by
samples withn of 4 X 10 and 1 X 10 cm™3 (upper and @ numerical constant.
lower graphs, respectively). In each graph, the first trace was

taken =12 hours after the initial cooldown Witﬂ/;,) imposed . . . . .
(6 and OV for the upper and lower graphs, ‘respectively)!S @ measure of the interaction-strength which, in turn,

Then, v was applied and maintained between subsequer@Overns the relaxation time that in our experiments is
sweeps €6 and 6 V, respectively). The other traces (shifted quantified byr. Before elaborating on this issue we want
for clarity) are labeled by the time elapsed SiﬂCg@ was first  to explain why the use of as a parameter is meaningful
applied. Typical scan rate was 0.1-0.7sV from the empirical point of view. For a given sample
composition and within the experimental accuracy, the
value of I' is constant, independent of disorder, and the
at different times, it is experimentally well defined, and it sweep rate. (Note that all these experiments are performed
is fairly independent of the particular relaxation law. at a fixedtemperature of 4.11 K.) Changing the disorder
In Fig. 1 we show such TDE plots for two samples,
one typical of the highh materials and one of the low
n materials. Comparing these plots makes it evident that

the cusp widthI' is smaller for the material with the . % e
smallern. The dependence df on n turns out to be 0F _— * 3
systematic as illustrated in Fig. 2. Over this range:pf [ Y

the typical relaxation timer, defined above, also varies /

systematically and extremely rapidly. The dependence ~ 10f / 1
of 7 is shown in Fig. 3 as a function df. There are 8 /é

two reasons for plotting- versusI’ (rather than versus -
n). The carrier concentration is based on Hall-effect 10' L / i
measurements performed at room temperatures. It gives
a reasonably good estimate of the carrier density on a ﬁ
relative basis. But when interactions are present (and, as is 1
argued below, control the behavior at the temperatures of o 1 2 3 4 5 6 7 8 9 10

the experiments), it is more sensible to find a correlation (V)

betweenr andI” as both are m(_aasured at tsamelow FIG. 3. The relaxation time- extracted from a TDE of the
temperature. Second, we believe thall’) expresses respective sample (see text) as a function of the cusp width.
the essential physics of the problem in the sense fhat The solid line is a guide for the eyes.
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has virtually no effect onl” (for example, changink  AG, soG(V,) can no longer be expected to track exactly
between 5 and@00 M() yielded the samd’ within our  the one-particle DOS. Nevertheless, some signature of the
experimental accuracy). The only noticeable effect ofone-particle DOS will remain for a reasonably fast scan-
the disorder is to change tremplitudeof the cusp [2]. ning rate. The behavior of the observed dipGiV,) is
Similarly, for a giverwm, and disorder, the sweep rate (in the consistent with the notion thdt is controlled by inter-
accessible range) used to obtal(V,) has no measurable actions. In the absence of interactions the digiiV,) is
effect on the value ofl’ or even on the shape of the entirely due to the relaxation processes [2]. The shape and
cusp. As is shown in the inset of Fig. 2 the differencewidth of the dip are therefore expected to depend apprecia-
in amplitude due to a different sweep rate can be adjustebly on the scanning rate. When interactions are important,
by changing the vertical scale which does not change ththe dip inG(V,) can be attributed in part to an interaction-
extractedl’. We emphasize that it isot possible to scale induced dip (or gap), in the one-particle DOS, aroutfd
these data by changing the voltage scale. Such a dip is expected to depend much less on the scan-

The first observation we make is that these results givaing rate, which is in keeping with our observations.
strong evidence for the role interactions play in bringing To the degree that our is related to the one-particle
about sluggish relaxation in the systems we investigatedOS, it should correspond to the width* of the
In the absence of interaction, the time of relaxation interaction-induced gap (or dip). To obtain an estimate
is expected to be very similar for our samples whichfor I'* from the experimentally measured parameler
were chosen on the basis of similar values ®f[9].  we normalized the voltage scale taking into account the
The argument for this is based on scaling. A similarsample-to-gate capacitance(which is directly measured
G implies a similar distribution of microscopic hopping for each sample)¥(0), the material DOS aEf, and its
“conductances’s; proportional toe ~2%i/¢ whereR; are  screening-lengtiA [12]. N(0) andA were estimated from
hopping distances anéd is the localization radius. The the material carrier concentration using free-electron
transition rates in a noninteracting system should depenfibrmulas. The values df* obtained in this way [13] are
on the distribution ofg; in a similar way, so the observed shown in Fig. 4 as a function of the intercarrier distance
dramatic change in the relaxation times is not expected ifr) = n~!/3. Interestingly, the data points for crystalline
interactions are unimportant. In,Os_,, granular-Ad, and granular-Pbsamples seem to

Next, we address the physical meaning Bf As fall on a common curve with the data of the amorphous-
explained elsewhere [8] the cusp that appears irGtfi,)  indium-oxide samples used in this study. These data are
plots of such experiments has a compelling analogy witttompared in this figure with'¢.g = ¢3[N(0)/x3]"/2, the
the dip formed on the surface of an “ordinary glass” duewidth of the Coulomb gap [14] (where is an effective
to the bearing action of a sharp tip. In the latter casedielectric constant). Note thdt g is roughly 1 order of
the width of the cusp is determined by surface tensiommagnitude larger than the experimenkdl. Observation
(thus reflecting the interaction between atoms). Motivateaf a much narrower Coulomb gap than predicted was also
by this picture, one is inclined to look for an energy-
dependent quantity (reflecting some effective interaction
between electrons) that plays an analogous role in the —
problem at hand. An obvious candidate to be considered I ]
is the density of states (DOS) [10].

A one-particle DOS can be defined as the density of 0~ 1
states at an energf available for insertion of a new 3 T
particle into a system in its ground state. In the presence [ —
of interactions the old particles in the system relax, in
response to the new particle, to a new ground state by,
say, an energy. The Fermi levelEg in a macroscopic
system does not change due to the insertion of a single
particle, so the new particle could be inserted onlat °
aboveEg. The energy varies with the site of insertion, ® -
in accordance with its environment in the ground state 1L TN
and with the nature of the interaction. For long range o
interactions the probability far = Ois zero (i.e., there is a o 5 10 15 20 25 30 35
gap in the DOS), for short range interactions the probability oA
for e = 0 is finite, so there is only a dip [11].

It is clear that the one-particle DOS would be accurately”!G. 4. The normalized values of the cusp width as a function

; i ; of the intercarrier distance (see text). Full circles: jnfdms
reflected in the dip inG(V,) if the sweep rate would be used in this study. Empty circle: Crystalline,® . Dia-

more rapid than the relgxation. _If not, inserted particleS,ond: Granular Au (Ref. [3]). Square: Granular Pb (Ref. [4]).
which already relaxed (i.e., particles partially “dressed"The solid line is a fit tol* = ¢3[N(0)/x3]"/2 (Ref. [14]). The
into quasiparticles) will have changed their contribution todashed line is a guide for the eyes.
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reported in tunneling experiments [15] and in measure- M. Pollak and M. Ortufio, Sol. Energy MateB, 81
ments [16] and simulations [17] of conductivity. The (1982); M. Griunewald, B. Pohlman, L. Schweitzer, and
first may arise from screening by the tunneling counter-  D. Wirtz, J. Phys. @5, L1153 (1982).

electrode [18], the other two from dynamical many-body [2] M. Ben-Chorin, Z. Ovadyahu, and M. Pollak, Phys. Rev.
effects, as explained in those papers. Similar dynamical B 48 15 0,25 (1993). o

effects are expected to play an important role in our experi-[3! C:J: Adkins, J.D. Benjamin, J.M.D. Thomas, J.W.

. . Gardner, and A.J. McGeown, J. Phys1% 4633 (1984).
ments due to the finite sweep rate. Thus our experlment[4] G. Martinez-Arizala, D.E. Grupp, C. Christiansen

may not measure the full Coulomb gap, or otherwise "~ A \ack N. Markovic. Y. Seguchi, and A. M. Goldman
the Coulomb interaction is not the dominant interaction.  phys. Rev. Lett78, 1130 (1997). '

In particular, it may turn out that the dip we observe is due [5] z. Ovadyahu, J. Phys. @9, 5187 (1986).

to polaron formation driven by the electron-phonon inter- [6] z. Ovadyahu, Phys. Rev. B7, 6161 (1993).

action or that it is a spin gap due to spin-spin interaction. [7] Note that over the range of covered the Fermi energy
Finally, the correlation betweenandI” (Fig. 3) is very changes considerably. Therefore the samples must also

plausible once it is recognized thhtis indeed a measure differ in disorder energy to exhibit a similar.

of the interaction strength. It would be of much interest [8] Z- Ovadyahu and M. Pollak, Phys. Rev. Le#9, 459

to see whether such a dependence is observed in other (1997). , o

systems where: can be varied over an extended range [9] Our argument is not vulnerable to some variation in the

(e.g., semiconductors). The expggentiglly fast decrease of of G in a given sample (i.e., fixed) has only a small

Twhenn be'comes smaller thana10 cm™is noteworthy_ effect onr (see also Ref. [8]).

as it may hint to the reason for the difficulty of observing10] see also Sven Rogge, Douglas Natelson, and D.D.

these anomalies in lightly doped semiconductors. For — Osheroff, Phys. Rev. Let?6, 268 (1996).

insulating semiconductorsis typically much smaller than [11] We comment that the DOS in the vicinity of the electrode

the carrier concentrations used here, and this may result from which particles are inserted may differ from the

in 7 being extremely short. Indeed, relaxation times of bulk DOS due to the screening of the interaction by the

value of G within the series of samples because a change

the order of only=10 msec were reported in insulating electrode.
(n < 1018 Cm’3) GaAs samples [19]. These issues Clearly[12] N. F. Mott and E. A. DavisElectronic Processes In Non-
deserve further study. Crystalline Materials (Clarendon Press, Oxford, 1979),

p. 245.
In summary, we have presented data that strongl 13] An alternative normalization, based on the thermal filling

suggest t.h_e relevance of ihteractions in_giving rise t. of the gap over a width-kT [J. H. Davies, P.A. Lee, and
the surprisingly long-relaxation phenomena observed in 1 Rice, Phys. Rev. B9, 4260 (1984): Q.M. Li and
disordered electronic systems. The nature of the dominant  p_philiips, Phys. Rev. B9, 10269 (1994): M. Sarvestani
interaction is yet unknown, and further work is clearly et al., Phys. Rev. B52, R3820 (1995)], yields comparable
necessary to identify its specific origin. values forI™* but this could be reliably applied only for
We gratefully acknowledge discussions with E. Pazy, the samples withr = 500 s.
0. Agam, and B. Spivak. This research was supported bji4] A.L. Efros and B.|. Shklovskii, J. Phys. § L49 (1975).
a grant administered by the U.S.-Israel Binational Sciencéld] J.G. Massey and M. Lee, Phys. Rev. LeT5, 4266

Foundation and by the Israeli Academy of Science. (1999). )
[16] A.G. Zabrodskii and A.G. Andreev, JETP Le88, 759

(1993).
[17] A. Perez-Garrideet al., Phys. Rev. B55, R8630 (1997).
[1] J.H. Davies, P.A. Lee, and T. M. Rice, Phys. Rev. Lett.[18] See, e.g., E. Cuevat al.,Philos. Mag. B70, 1231 (1994).
49, 758 (1982); M. Pollak, Philos. Mag. B0, 265 (1984); [19] Don Monroeet al., Phys. Rev. Lett59, 1148 (1987).

672



