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Nonequilibrium field effect and memory in the electron glass

A. Vaknin and Z. Ovadyahu
The Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel

M. Pollak
Department of Physics, University of California, Riverside, California 92651
(Received 12 September 2001; published 26 March 002

We present an experimental study of the nonequilibrium transport in Anderson-insulating indium-oxide
films. In particular, we focus on the characteristic features of the cusp that is observed in fieldfefect
experiments around the gate voltage at which the system has equilibrated. It is shown that the shape of the cusp
depends on the temperature history, as well as on the measurement temperature. On the other hand, it is
insensitive to the rate and direction of the gate voltage sweeps, disorder, or magnetic field up to 20 T. We
discuss a physical picture leading to the appearance of such a cusp and suggest a possible mechanism for
memory in the electron-glass system. These findings demonstrate that FE experiments complement the con-
ductance measurements and contribute to a broader perspective on the glassy dynamics.
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. INTRODUCTION As shown befor€;° the field effectG(V,) in several hopping
systems includes a nonequilibrium component in the form of

One of the intriguing properties of glasses is the nonstaa symmetric, cusplike structure that appears around the gate
tionary nature of their dynamics. This property is responsiblevoltage Vg at which the system was allowed to equilibrate.
for a variety of memory effects exhibited by the system. AThis nonequilibrium feature may persist for hours after a
well-known manifestation of memory is the dependence ohewV, was applied:® Drawing on the understanding of the
the relaxation law on the sample history. Specifically{ig} ~ equilibrium FE measurement, the associatiosdf; with an
be a set of external conditions that control some macroscopi@nergy scale seems natural. In this respect, the ability of the
propertyP of the system. Whefi;} is changed fronfx®} to ~ System to keep some memory\é could be interpreted as a
(X"}, P will “relax” from P({x°}) towardsP({x"}). The mem“ory_ of”mformatlon in the energy domaias opposed to
time dependence of the relaxation procgs) will in gen- the "aging” phenomenon which reflects memory of an

. o n . elapsed time, i.e., “age” However, since these FE measure-
eral depend on the system |tse{ljgi 1, {xi'}, and possibly on ments were carried out under nonequilibrium conditions the
P(0). In aglassy systemP(t) will also depend orty,, the

] ) relation to energy is more subtle.
time the system has spent under the influencéxgf. In a In this paper, we extend the study of aging and other

spin glass, for example, the magnetization relaxes with timenemory effects in the electron glass by focusing on the be-
in a way that reflects the time elapsed since the cooling prohavior of G(V,,t). We show that at a given temperature, the
cess, during which the system was under the influence of ausp inG(V,) has a characteristic shape independent of dis-
magnetic field. This is in contrast to the behavior of a “ho- order, magnetic field, aging time, and the rate at whighs
mogeneous” system lik& C circuits; The charge on a ca- swept. On the other hand, the cusp is found to be narrower
pacitor C shunted by a resistdR will decay with the same the lower the bath temperature. Moreover, it turns out that
time constant independent of the time it was connected to the amplitude and shape of this characteristic feature reflect
voltage source. The observation that the relaxation®{®)  the “history” experienced by the sample. The cusp continu-
in glasses is a function of bothandt,, is commonly called ously develops with the time elapsed since quench cooling
“aging.” the sample to low temperatures. More intriguingB(V,)

It has been suggested that glasses can be classified by theasured aT =T, a short time after it was cooled froify,
specific form of the functiorP(t,ty,) they exhibitt A par-  at which the system was allowed to equilibrate, retains the
ticular case is whenP(t,ty)=P(t/ty) which has been shape it had aT,.
termed “simple, “naive,” % or “full” 2 aging. Such a scal- The results discussed below seem to indicate that some
ing law for P was recently found in experiments on electronproperty describing the state of the system contains the
glass? In the electron glass, the propefyjis associated with memory about the system history and affects the measured
the excess conductanaés, and the external conditiods;}  G(V,). We discuss the possibility that this property is asso-
may be represented, e.g., by the carrier concentratidine  ciated with correlations in the configuration and motion of
latter could be modified by fabricating the sample in a metalcarriers due to interactions.
oxide-semiconductor field-effect transisttWtOSFET) con- We argue that knowledge @(Vy,t) gives one a broader
figuration and using the gate voltayg to change the charge perspective on the temporal aspects of the glassy relaxation
in the sample. In our systems, the change in the carrier corand complements the information gained by studying just the
centrationn due to variations iV, is relatively small, typi-  responseG(t) at fixedVy. As an example, we discuss the
cally An/n~1%. Yet this small change in is effective in  temporal evolution of the system properties following
terms of bringing about significant nonequilibrium effetts. quench cooling to low temperatures and the memory of the
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of 0, (5X10 °-5x10 * Torr) during deposition. The
concentration was determined from Hall effect measure-
ments using magnetic fields up to 0.7 T. Three different spac-
ers were used in this study: microscope cover-glass
(140 wm thick), single-crystal AJO; wafer (100 wm thick,
C-axis (0001 orientation, and SiQ (0.5 um thick) ther-
mally grown on a heavily dopeoronP-type, 0.002) cm)
single-crystal Si wafe001) surface. In the latter case, the Si
FIG. 1. A schematic drawing of the measurement circuit and thavafer served also as the gate electrode. In the other two cases

to lock-in
amplifier

device used in the field-effect measurements. a 500-A-thick gold film was evaporated on the other side of
the spacer.
equilibration temperature that shows up@fVy). We also Most of the measurements were carried ouT at4.1 K

discuss the aging phenomenon, showing what are the ravith the samples immersed in liquitHe. This enabled high
guirements to obtain “simple aging” in terms of the dynam- temperature-stability over long times. Measurements as func-
ics involved inG(V,). We demonstrate that varying the mea- tion of temperature were performed either irfkde rig or in
surement parameters results in deviations from simple aging pumped*He cryostat. In addition to employing a tempera-

and discuss the implications of these results. ture controller or a vapor-pressure controller, a Ge thermom-
eter mounted on the sample stage was used to correct for
Il. EXPERIMENT residual temperature fluctuations. The conductance of the

samples was measured using a two-terminal ac technique

Most of the samples used in this study were prepared in @amploying an ITHACO 1211 current amplifier and a PAR
MOSFET-like configuration schematically shown in Fig. 1 124A lock-in amplifier. Care was taken to ensure a linear
along with a typical measurement circuit. Several variants ofesponse by the use of sufficiently low ac bias. The gate
the device were used. The active layer was a thin film ofvoltage was applied by charging a 14~ capacitor, con-
indium oxide deposited by as-gun using 99.999% pure nected in parallel with the device, by a Keithley 220 current
In,0O5. This was either an amorphous filftypically 200 A source. The capacitance of the devisample and gajevar-
thick) or a polycrystalline filmitypically 50 A thick. These ied in the range 30—200 pF depending on sample area and
will be referred to below as InQand InO;_, respectively.  spacer properties.

As deposited indium-oxide films are usually amorphous. As mentioned above, a dominant feature in these field-
Polycrystalline films were prepared by heating the sample teffect (FE) measurements is the appearance of a cusp in the
250°C after deposition. Samples lateral dimensions were tonductance versus gate voltaggV,) traces centered at the
X1-5x5 mm. A fuller description of these materials is equilibrium gate-voltagd/g. Examples for such a cusp are
given in Ref. 9. For completeness, we present in Fig. 2 transshown in Fig. 3 where FE traces for different active layers
mission electron microscopfTEM) pictures and diffraction and spacers are compared. These measurements employed
patterns of the I50;_, and InQ active layers demonstrating the symmetric sweeping procedure described below. In the
the difference in their microstructure. All samples measurednset, the same traces are shown after subtracting the data
in this study were in the insulating regime with from a linear partsuch as the dashed line in the main figure
R(4.1 K)/R(300 K) in the range of 3-1C*. In the INQ,  and after normalizing the amplitudes. This linear part corre-
films, we could change the carrier concentration by varyingsponds to the usudequilibrium) FE responsé‘.’ In order to
the deposition rate (0.3—2 A/sec) and the residual pressutsgiiow a comparison between these traces they are plotted
against the accumulated surface charge in the san@ie (
amorphous film  polycrystalline film related toVy by Qs=V,(&/L), wheree is the dielectric con-
(InO,) (In,0,.) stant and_ is the thickness of the spacer. It can be seen that
£ e TR R S T e in terms ofG(Qg) the shape of the cusp is independent of the
L e ' spacer material. Note also that the cuspgG(Q,) is nearly
identical for InQ, and InO;_, samples, which, in the case
shown, have comparable carrier concentration.

As explained befor,the appearance of the cusp in the
G(V,) traces is due to a nonequilibrium measurement. It is
therefore appropriate to specify the different procedures we
used to obtain those traces. In this work, we employed two
procedures to measure the FE.

(i) Symmetric sweefhis measurement is done by sweep-
ing Vg away fromvg in a symmetric fashion. Starting &t
=0 from Vg we sweepV, and recordG for V4>Vg. Then

H 0 H 0
FIG. 2. TEM pictures and diffraction patterns of Ip@nd we bring baCng to Vg and keep it there unt(B(Vg) relaxes

In,O5_ thin films (200 A thick, used as the active layers in this 1O its value att=0. Finally, V4 is swept fromVg to record
study. The white bar corresponds to 200 nm. G(Vy) for Vg<V°, and the two pieces @(V,) are merged.
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7.0 y T y TDE. In this case, after the system was equilibrated for
about a day Withvgzvg at the measurement temperature,
we shiftVg from Vg to Vg and keep it ai/y for the duration

. of the experiment. At various times after the shift\l@, we
sweepV rapidly through a voltage domain containing both
Vg and Vg. This allows the observation of the evolution of
the dips at those two values ¥f;, i.e., the “new” valuevg
and the “old” oneVy.

An important feature in these measurements is the slow
evolution of the conductance following a sudden change in
the gate voltage. Since changing the gate voltage induces
charge on the sample, it is important to know the dynamics
of this charging currentl() and compare it to the dynamics
. of the conductance. In Fig. 4.,(t) (measured by monitor-
ing the voltage on a M) resistor connected in series with
the samplgand G(t) are shown during sweeps ¥f; using
different sweeping rates, at 4.1 K and 77 K. The charging
current was found to scale linearly with the sweep (ate
insed, and thus the capacitance of the devicecould be
deduced using.,= C(dV,/dt). This value was found to be
similar at both temperatures and is consistent with the room-
temperature valuéwithin 2%). Moreover, we could not de-
tect any slowly varying component bf,,, within our experi-

6.5F

6.0F

ok, .
45x10° 00 4.5x10°

Q, (Coulomb/cm®) &

55

5.0

G (arb.units)

l o mental time and current resolution. This should be contrasted
. . Vg . with the corresponding behavior of the conductance. At high
-80 40 0 40 80 temperaturesG(t) follows V in keeping with the charging
V_(V) current. This effect corresponds to the us(eduilibrium)
9 FE 1% At low temperatures, on the other hand, whilebe-

FIG. 3. G(V,) traces measured using three different devices:hawes In a similar way as at high temperature, the conduc-
In,O;_, sample on a sapphire spacd{(=100 MQ, open dia- tance continues to change long afiéy r_eached a constant
monds, In,0s_, sample on a microscope cover glass spages ( vall_Je._ Obv_lously, the s!ow response Gfis not du_e to slow
=16 MQ, solid circles, and InQ sample on a sapphire spacer variations in the charging current or the capacitance of the

(Ry=330 MQ, open circles In the inset, the same traces are device.

plotted vsQ, after subtracting a linear paté.g., the dashed line

and normalizing their amplitudesQ was calculated usind-

=140 um, £=4.4 for the cover glass spacer ane100 um, & [ll. RESULTS AND DISCUSSION

=9.5 for the sapphire spacer. As is evident from Fig. 4 above, the anomalous features

associated with nonequilibrium effects are observable only at

low temperaturegtypically below 50-5 K, depending on the

sample disordét). We start this section by demonstrating

. . : p p that after quench-cooling the sample to a sufficiently low

in this way is also referred to as a “memory cusp.” Natu- : . . .
temperature its properties keep changing for a long time.

rally, to produce such a scafy must be first swept away . ; .
from Vg. Hereafter, unless otherwise mentioned, this WaSF|gure 5 shows a typical example Gi() following guench

) ) o , . tooling of the sample from-100 K to liquid “He bath at
done by sweepin|, directly fromVy to the starting pointof 4 1  (cooling time is roughly 2 min The figure reveals that

the continuous sweep, using the same sweep rate throughqyhjje the bath temperatur@s indicated by the resistance of
the experiment. o the thermometeiis stationary, the conductance of the sample
) Other experiments 8that are used n this s,}udy are thes not—it continues to change a long time after quenching.
two-dip experiment™” (TDE) and the “aging™ experi-  This demonstrates that the conductance of the sample does
ment that involve the following procedures. not merely depend on the temperature but also on the time
Aging experimentThe system is first equilibrated for ¢ elansed since the quench. This behavior is quite general.
about a day "’g‘ the measurement temper?ture with a certajpjs ohserved in all our insulating samples whether they have
gate voltageVy. Then, we shiftVy from Vg to some new 4 gate or not. Such phenomenon of time-dependent response
value Vg and then, a timey later, shiftVy back toVg.  measured after a cooldown occurs in a variety of other sys-
Following the return td/g, att=0 the excess conductance tems such as spin glassessupercooled liquid¥’> and
AG(t) (the conductance in excess of the equilibrium con-polymers!® The underlying reason for this behavior is pre-
ductance at\/g) is measured as function of time for-0.  sumably a gradual microscopic change within the system
This procedure is then repeated for varying value3 pf that alters its response properties.

(i) Continuous sweep. s swept continuously through
Vg, starting from the maximunV, to its minimum value
within the range straddlinyg. The cusp inG(V,) measured
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FIG. 5. The conductance of the samf@eand the resistance of
the Ge thermometeR, following quench cooling to 4.1 K. Also
shown is the response @ and R to a temperature changkT
~1 mK, induced by varying théHe vapor pressure. Using this
calibration, variations i due to temperature instability during the

> measurement could be corrected,dg_, sample on a sapphire
=2 5l < spacerR;=100 MQ.

S :

2 5| 2 : ‘;;LK following way. Immediately after the quench, the system is
s . not yet in equilibrium and hence there is no modulation in
O

P {(b) G(Vy), and the conductance is high as compared with the
5 conductance at equilibrium. As time elapses, a cusp develops
in G(Vg) which means thaG(V4=0) diminishes with time.
oo This slow dynamics of the system after cooling made it
imperative to allow the system to equilibrate under fixed
FIG. 4. The charging curremt;, and the sample conductivitg, external conditions for a long time before other measure-
during and after sweeps &f; from —100 V to 100 V, plotted vs  ments could be done. It was found that this equilibration time
t/tsweep Wheretsyeepis the sweep duration@) Ien(t/tsweep IS should be long in comparison with the duration of any sub-
shown for sweeping rates of 10 V/sec and 1 V/¢eiccles and sequent experiment, e.dyy in the aging experiment.
squares, respectivelyand at temperatures of 4.1 K and 77(ill Following quench cooling, while the amplitude of the
and _empty sympols, respectivelfrhe Y axis is norm_alized by the cusp inG(V,) evolves with time theshapeof the cuspdoes
maximal charging current lf,J. A representative trace of . (inset of Fig. 6. The shape of this cusp is found to be
X]Gétr/éflvéerziés dz?z(():t?g]:\;/vir;Igetg?r:gvizrni):g;:;Cii)?glLrjlrfr.\eS\i,\t/;gs Ininsensiti_ve also to the rate or direction_ in Wh_ich the gate
. - ' voltage is swept. FE traces measured using various scan rates
is plotted vs the sweep rateh) G(U/tseeq, following a sweep of of V, are shown in Fig. 7. The figure reveals that the cusp
Vg att=0 (12 V/seg. In,05;_, sample on a sapphire spacRy, is g N . . .
100 MQ and 140 K) at 4.1 K and 77 K, respectively. ?mp"t“de depends_ on the scan ra_te, in keeping V\.”th the no-
tion that the cusp is a nonequilibrium effect. Obviously, no
To gain more insight into the changes occurring in thecusp can be observed in the limit of a scan rate so slow that
system after cooling, we measured the FE at various timequilibrium persists throughout the entire scan. But the shape
intervals = after the cooldown. In the experiments shown inof the cusp in the vicinity ol/g is independent of the scan
Fig. 6, while keepingV,=0, the temperature was lowered rate over a range of rates in excess of two orders of magni-
from ~100 Kto 4.1 K. The FE was then measured a time tude. A comparison of the cusp shape in various scanning
after the cooldown using both the symmetrical and the conmodes is presented in Fig. 8. Evidently, the shape of the cusp
tinuous sweeping procedures df, (see Sec. )l These is essentially identical for both the symmetric and continuous
G(V,) traces show a cusp arouny=0 whose magnitude scanning modefFig. 8@a)]. Furthermore, in the experiment
increases gradually as increases. As shown in the figure shown in Fig. 8) a symmetric sweep was first carried out
this development of the cusp is independent of the sweepinower trace followed by a continuous and periodic sweep of
procedure used in the experiment, i.e., symmetrical or conV, between—100 V and+100 V for several hours. Dur-
tinuous. It can be seen that t&( V) traces for differentr  ing this sweep we observe cusplike minima with an ampli-
coincide far from the equilibriunV,. Thus,G(t) does not tude that decays logarithmically in time, but with a similar
represent a homogeneous decreas8(®f,). This may indi-  shape and in the same positithin addition, changes in the
cate that the gradual change in the response of the systestructural disorder or an application of magnetic figig to
(Fig. 5 is intimately connected with the creation of the cusp20 T) also do not affect the shape of the cybjm. 9). There-
in G(Vy). Therefore, we may interpret these results in thefore, it seems that for a given samplat a given tempera-

100 200 300 400 500
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) ) FIG. 7. G(V,) traces measured using the symmetric sweeping
FIG. 6. G(V,) traces, measured at various timesafter the  procedure with various sweep rates\of. (a) Raw data.(b) The
sample was quench cooled to 4.1 K. For each value@beparated  same data after subtracting a linear part and normalizing the ampli-

cooling cycle was done. At each cycle,_traces were measured _usirtgde InOs_, sample on a microscope cover glass spacer, measured
both symmetric and continuous sweeping procedures, shoda in 4t 4.1 K.Ry=16 MQ.

and (b), respectively. In the inset, the same traces show@)irre
plotted after subtracting a linear part and normalizing their ampli-
tude. The sweep rate is 0.8 V/sec. The sample is the same
in Fig. 5.

h at the temperature of measurement. Thgpwas swept to
230 V where it was kept for 8 min and then swept back to
—100 V. It is again seen that lowering the temperature
sharpens the cusp, equally so in both types of scan. In Fig.
ture the cusp has eharacteristic shape 10(c) such continuous sweep experimefdene at constant
On the other hand, Fig. 10 shows that the shape of theemperaturg are compared with a similar experiment but
cusp does depend on the temperature at which it is measurethere the sample was cooled from 4.1 K to 1.6 K during the
provided the experiment is performed after the system is al8 min pause av;=30 V (combined procedujeThe inter-
lowed to equilibrate at this temperature. FigurgaQore-  esting feature revealed by the figure is that the shape of the
sentsG(V,) traces produced in a regime of temperaturesnemory cusp measured after such cooling procedure is char-
between 0.7 K and 7 K. Measurements were done in twacteristic of the temperature that preceded the cooling.
runs: fran 4 K to 9 K andfrom 0.7 K to 1.5 K. Between In summarizing the above experimental results we may
runs, the sample was taken out of the cryostat and its resisay that although the appearance of the cusp in the FE mea-
tivity was lowered® by UV treatmenisee Ref. 9 for details  surements is a nonequilibrium feature, we find several prop-
The curves are scaled such that they all coincide far fronerties of this cusp that are insensitive of the way we measure
Vy=0. It can be seen that the cusp sharpens with decreasir@(Vy). These are the evolution of the cusp after cooling the
temperature. This point is exhibited somewhat differently insample, the position and shape of this cusp at a given tem-
Fig. 10b) where G(V,) traces measured at two different perature, and the narrowing of this cusp at lower tempera-
temperature$l.6 K and 4.1 K for both the symmetric and tures. It was also shown that the shape of the memory cusp
continuous types of scanning are plotted. In this case thenight depend on the temperature at which the system was
curves are scaled such that the amplitudes of the minima th&guilibrated, which could be quite higher than the tempera-
correspond to the same type of scan coincide. In the contindure prevailing during its actual measurement. This demon-
ous scans, the sample was first kept with=—30 V for 5  strates anemory of the equilibration temperature.
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FIG. 8. (a) G(V,) traces, measured using the symmetric and the
continuous sweeping proceduré&solid and open circles, respec-
tively). Between scan¥, was kept at 10 V for 30 sec. Traces are
shown after normalizing their amplitude. Ip@ample on a Si®
spacerRp=71 MQ. (b) SelectedG(V,) traces, measured at dif-

ferent tim rin ntin n riodic sw . ) .
erent timesr during a continuous and periodic sweep % spacer(c) The same as iKb) for a different amorphous sample on

7/1000 (sec)0, 3, 5.6, 13.4, 21.2, 44.4, 68, 160, 346, 58Dt- hi All t d usina th i
tom to top, labeled by the time at the beginning of trace. The sweepa Sapphire spacet. races were measured using the symmetric

rate is 0.8 V/sec. The dependence of the conductan¢g=a0 on sweep procedure, at 4.1 K.

is plotted in the lower-right inset. In the upper-left inset, the first

eight G(V,) traces are shown after subtracting a linear part andsuch a picture alone can explain other features of this phe-

normalizing their amplitudes. }®;_, sample on a sapphire spacer, nomenon. In particular, there seems to be no natural way to

measured at 4.1 KRp=100 MQ. account for the following findings: the appearance of a
memory cusp that is similar in position and shape to the

One may try to explain the existence of the cusp based oRymmetric cusp, the appearance of memory of the equilibra-
two premises. First, in the Anderson-insulating phase thdion temperature, and the aging behavior.
conductivity of a system with a nonequilibrium distribution ~ We suggest that the cusp @(V,) reflects some internal
of electrons is always larger than its equilibrium Property of the system. In equilibrium, such a property
conductivity*” Second, sweepiny, away from its equilib- should characterize the external conditions felt by the
rium value produces a nonequilibrium situation if electronssample, .9y or temperature, and retain a specific memory
are insertedextracted into (from) the Samp|e at a rate that of these conditions a |Ong time after they were altered. Con-
exceeds the rate of decay to equilibrium. For a symmetrica$idering the dynamics seen in Figs. 6 and 8 one may con-
sweep, such dynamical considerations might indeed explaiglude that equilibrating at a specific gate voltage, 34y,
the existence of a minimum i&(V,) around the equilibrium has an effect only on a restricted region \gf aroundV.
gate voltage. On this basis, one may also understand thEhis may imply that each value df; is associated to a
temperature dependence of the cusp shape—that is, by adifferent and distinct equilibrium state of the system. Later
suming that the excitation must exceed a certain energwe examine the possibility that the property that character-
(which in this scenario is related to the temperatlrefore a  izes the state of the system is associated with the correlation
notable change i occurs! However, it is hard to see how in the configuration and motion of carriers that arises due to

FIG. 9. () G(V,) traces, measured at different magnetic fields
(using a Bitter magngt In,O;_, sample on a microscope cover
glass spaceRp=10 MQ. (b) G(V,) traces, measured before and
after thermal annealing of the sample, and thus having different
structural disorder, labeled by the resistance./la@mple on a Si®
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FIG. 11. AG(t/ty), measured for different samples, during an
aging experiment aftev, is switched back wg. For each sample,
-90 -60 -30 0 30 traces corresponding to differehf, were averaged and are pre-
T ' T T sented as a single curve. Traces are shown after normalizing their
amplitudes. Temperature is 4.1 K.

periments, i.e.AG(t), are shown for different samples in-
cluding polycrystalline and amorphous samples, samples
with  different  carriers  concentration  §310'°-3
x 107t em™3) and thickness (50 A, 200 A, and 2000 A).
It can be seen thdt(t/ty) is, to a good approximation, the
. . X same for all measured samples. Interestingly, tiog<1,
-90 -60 -30 0 f(t/ty)=In(t/ty), such that if this logarithmic dependence
V (V) would persist to the en@dashed ling AG would have re-
g laxed to its originalequilibrium) value after a timd,, i.e.,
FIG. 10. (8 G(V,) traces, measured using the symmetric the decay and buildup times &fG would be the same. This
sweeping procedure at different temperatufas indicated in the behavior is apparent also in Fig. (B2 where the relaxation
figure). In,0;_, sample on a microscope cover glass spaRer.  plots AG(t/ty) corresponding to different,,'s are shown
varied in the range 8 10°-3x 10°Q. (b) G(V,) traces, measured for a specific sample.
at 4.1 K Rp=4.8 MQ, circles and 1.6 K R;=360 MQ, dia- In the TDE, for the same values d&fV, we observe an
monds, using both the symmetric and the continuous sweepingantisymmetrically related time dependence of the buildup of
proceduressolid and open symbols, respectivelin,O;-x sample  the cusp al/g and the decay of the cusp ¥f . This can be
on a sapphire spacefc) G(V,) traces, measured on the same seen from the raw data in Fig. (8 or with the aid of Fig.
sample as in(b) using either the “combined” procedurésolid 14, where the amplitude of the “old” dig\° and that of the
circles or the constgnt temperature pr.ocedure at 4.lopen dia- “new” one A" are plotted as a function of time.
mono_ls) and 1.6 K(I|n_e). Also shown is a trace mea_ls_ured e_lfter In both experiments, applying large enougit, causes a
carrying out the combined procedure and another waiting period anviation from the behavior described above. As shown in
3hatl.6 Kand/;=—30 V before the sweefrrosses All traces Fig. 12b) the simple-aging law is no longer obeyed. This
are shown after subtracting a linear part and normalizing their 9. - pie-aging 9 . y
amplitudes. dewa_\tlon of the relaxa_tlon_ curves from the umve_rsal re-
laxation law (dashed ling increases with decreasinby .
the mutual interaction between them. Evidence for the role'hus, it seems that the effect of largé/y on the relaxation
of interactions in this system was already preseffteefore.  curves is more pronounced for shorgy. This is presum-
One would expect then that such correlations would be diably due to the fact that after lonf,, the memory of the
minished by a strong excitation presumably above an energstate that corresponds Vg is considerably diminished even
that characterizes the strength of the interaction. In the folfor small AV, and thus the additional effect of the large
lowing, we show that this is indeed the case in two complechange inV is less prominent. With increasiniV, there is
mentary experiments: the “two-dip experiments” and thea tendency foAG(t) to become independent b&f;,. These
“aging” experiments. The strength of the excitation relatesfindings are consistent with the hypothesis that a large shift
here to the magnitude of the shift in the gate voltagé;  in V, causes degradation in the memory of the system re-
=[Vg— Vgl (see Sec. )L garding its voltage history. This may be more directly seen
In the case of smalAV, the following results were ob- by considering the effect of the sam&/; on the TDE[Figs.
tained. In the aging experiments, it is fodnthat AG(t) 13(b) and 14. Here, the antisymmetrically related time de-
«f(t/ty), i.e., simple aging. In Fig. 11 result of aging ex- pendence of the buildup of the new cusp and the decay of the
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using the same sample and the sairié;’s as in Fig. 12 AV,
tt =|Vg—Vgl). Before the experiments began, the sample was kept at
w the measurement temperature 4.1 K V\mglzvg for about 20 h.

FIG. 12. AG(t/ty), measured during an aging experiment after e sweep rate is 2 V/sec and 4 V/sedd@h and (b), respectively.
Vg is switched back td/g. Data are shown for two series of ex-

periments(a) and(b), employing differentAV's (see text Ineach  memory is destroyed. Such a conjecture is consistent with
series, different values dfy were used. InQsample on a sapphire the results of another experiment in which we exposed the
spacerRg =330 MQ. samples to an IR radiation. It turns out that a briesw
seconds exposure of the sample to agm radiation effec-
old one is destroyed. A closer inspection of these figuresively eliminated the memory cusp. On the other hand,
shows that this destruction involves mainly the dynamics obriefly raising the sample temperature by few tenths of a
the old dip. Namely, a short time after movikg to the new  degree(such as to produce the same increas&ias in the
location the amplitude of the old cusp has diminished sub{R burs) left the memory intact. A detailed description of the
stantially, while the new cusp still evolves with time at the IR irradiation experiments will be published elsewh&tét
same rate as in the smalVy limit. In other words, it is the seems therefore plausible to assume that it takes a certain
memory of the old dip that is weakened by the lafgé,. It energy to destroy the memory. The IR experiments are not
is important to note that this effect is independent of the sigrvery useful in terms of telling what this energy is since the
of AVy, as we ascertained by repeating this experimenenergyhv by which electrons get excited in the IR experi-
sweepingV to either direction. It was also checked that thisment is much larger than any other energy in the problem.
effect is not due to the longer time spent in sweeps to farthelowever, they support the assumption that the application of
V, (by varying the sweep rate for the sal¥, and getting  large AV, destroys the memory because it imparts a suffi-
similar result3. This degradation of the memory is more no- ciently large energy to the electrons. We can then use the
ticeable as\V, increases, suggesting that the memory cusmbserved value oAV, where simple aging is no longer
would disappear in the limit of sufficiently largeV . obeyed to estimate this energy. A simple estimate of the en-
What is the reason for the difference between small versuergy associated withVy can be obtained by evaluating the
large AV4? The degradation of the memory takes place be€orresponding equilibrium shift of the Fermi-energyEg
causeV, is swept to afar away new value. Previous ex- ~(JE/dn)An(AVy)=CAVy/[N(0)eNA] where N(0) is
periments established that a sudden changé,afxcites the the system density of staté®OS) at the Fermi energyC is
system, presumably by imparting certain energy to the electhe sample-to-gate capacitanéeis the area of the sample,
trons. It thus seems natural to look for an energy scale in thand \ is its screening length. Using this procediteye
problem that, once exceeded by some external means, testimate that\Er associated with the value afV at which
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1.0 - - - - - quasiparticles. Therefore, at best, one may loosely refer to
the cusp shape as reflecting a “nonthermodynamic DOS.”
~ In a different approach to the problem, we wanted to see
. 8. how much of the observations could be explained by a slow
T formation of quasiparticleS. For that purpose, we assumed
RN interactions between particles to be, in a certain sense,
T 1 strong, but without specifying their specific nature. In this

A(t)/A(0)
9/

“.“\ framework, the strength of the interaction may be character-
RN ized by the typical self-energy of a quasiparticle. In the re-
e % gime where the interaction is the dominant ene(gg., at
\.f_\\ ¢ sufficiently smallAV,), the model can explain several fea-
. . . . ;\ tures of the experiments. These are the following.
0 0 0° 10° 10° 10° The logarithmic temporal relaxation akG. The relax-
t (sec) ation of particles corresponds to a buildup of correlations,
] i i.e., "dressing,” which is quite slow because it is relies on
FIG. 14. A(t), representing eitheA®(t) or A(t) (open and  hopping. Correlation in the motion of particles amounts to a
solid symbols, respectively corresponding to the experiments qyecrease in mobility, i.e., in a gradually decrease of conduc-
shown in Fig. 18) and 13b) (diamonds and circles, respectively  ance The rate of dressing of particies is controlled by a
ﬁle'zrsiin;gg??ﬁeoxzs ;Eszvi'%;eaggg ;ﬁq‘;ﬁ{:]ndessﬁelnn;m;_ distribution N(w) of transition ratesw. For hopping pro-
. . - ' . cessesv depends exponentially on a random variabteade
ized with respect to initial cusp amplltude‘eig. u . ; . .
p of a hopping distance and of a hopping energy, e.,
=wyexd —x]. The distribution ofw is related to the distri-
the memory cusp is affected to be 3—-5 meV. Note that thigution of x by N(w)dw=N[x(w)]dx, resulting inN(w)=
energy is of the same order of magnitude as the temperature (wq/w)N[ — In(w/wg)]. Assuming thatx has a smooth
above which glassy effects disappear in our systenitsis  distribution?>?®thenN[ — In(w/wy)] can be approximated by
thus tempting to speculate that it is the correlation energy constant since the argumentiimoderately changes for a
that is responsible for the observed glassy phenomena. Hovarge change oiv. A natural assumption regarding the distri-
ever, note that this energy is considerably smaller then thbution is a rapid drop oN(w) around some minimum value
estimated Coulomb gap enery. of w, say,w,,. Then one can show that the time-dependent
The effect of memory degradation described above is conreduction in energy AE(t) is given by the integral
sistent with the suggestion raised above that the cusp in thg, ,(x !)e *dx, which gives
FE measurements and the memory of the sample history are "
related to the correlation between electrons due to their mu-
tual interaction. These correlations are at the heart of the
phenomenon known as the Coulomb g3jhe glassy nature
of Anderson insulators with interactions was anticipated b
several author& Numerical simulations of the dynamics in
these systemi$ (based on the Coulomb gap modshow
glassy behavior such as the slow and nonexponential dyna
ics of various properties. Yd developed a theory for the
temporal evolution of the density of states and of the con- AG(t)~—In(wpt). 2
ductance, following an excitation that corresponds to a spa- . ) . . .
tially random arrangement of electrons. The calculation was, The antisymmetric behavior observed in the TOHis
based on the Coulomb gap model of Baranovekil2* and ehavior can be obtained with the_ assumption tha_t a change
on single-electron hopping with hopping rates based on weaR! Vo constitutes a small perturbation of the potential energy
electron-phonon interactior@liller-Abrahams2® Mott?®) at and of the electron conce_ntrat!on. Thus, _|ts main role is to
T=0. These results exhibited the buildup of the cusp in the?!ter the structure of qu?S|part|cIe?. Imagine two spectra of
density of states and thus ®(E:t) that bears considerable States corresponding ¥y and toVy, where each state is
resemblance to our evolution of the cusp obtained irdefined by the site occupatlons._NegIectlng the change in the
G(V,,t) (Fig. 6). This similarity may support the association number of_ electrons, any state in one spectrum corresponds
of the FE cusp with the Coulomb gap. Such an association i @ state in the other spectrum but at a different energy. On
appealing and would explain, for example, why a cusp inthe ot.he.r handz since there is nothlng particular about a given
G(V,) is formed at anyv, where the system equilibrates. Vg (within the limits of the assumptignthe DOS of the two
However, it is important to realize that the Coulomb gapSPectra are S'm'l?r- Now consider a change/ip say, att
(like some other correlation gaps of the Fermi-edge singular=to. from Vg to Vg . At t<t, the system is in an equilibrium
ity type) refers to a single-particle DOS. A modulation in the State in the spectrum &fj . At t=t, the same statéthe same
FE, on the other hand, usually reflects the thermodynamigonfiguration of electronsbecomes an excited state in the
DOS. In our experiments, neither situation is realized.spectrum 01\/5, and thus gradually relaxes to a new equilib-
Rather, the modulation iG(V,) is due to partially dressed rium state in the spectrum M'; If during this evolution one

~ ~
S

(O N

0.0

(_ 1)n(Wmt)n

AE(D)~y=In(wnt) = X — 05 )

Fort<1/w,, the logarithmic term dominates the time depen-
Ydence. The more the system relaxes in energy, the smaller the
conductance. S&(E) is monotonic. Expanding(E) and
taking the linear term onlythe constant term does not affect
r‘&'G), we get
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would follow the corresponding states in the spectrund@,f evolution of the cuspand therefore the decay of the re-

one would observe a climbing in energy at the same rate &ponse after coolingcannot be viewed as a slow “cooling”

which the energy m\/é decreases. This can be justified on Of the electronic systefft. In this context it is interesting to

the basis of similarity of the two spectra and the assumptiofi©te the similarity between the time evolution of the cusp in

of a small perturbation in energy. these FE experiments and the corresponding behavior of the
The observation that the shape of the cusp is independeROFS. |n”the nur;]werlcr?l results.tshown\}n.I;Qef. .23' the TDE

of the sweep rateThis, however, is under the assumption of inaly, we Show how mon °T'”93( 9’ ) using the

a symmetric sweep mode; the continuous sweep mode h ay help to understand the various aging phenomena fror_n a

not yet been considered in this model. In measuring the field-'fferent perspective. In particular, the reason for the devia-

L S . tion from simple-aging behavior whekV is not small can
effect traces.the change Wy is Imear_m t.|me, .. AVy(t) be identified. In the aging experiment, the conductance is
=ct wherec is some constant. Considering the swee pf

as a succession of evenly spaced identical infinitesimal Ste&ontinuously measured versus time while switchingfrom
ilibri °to th 0 h
functions, d[ AV,(t) I=cdt, ThendAG(Lt') =[dAG(LL) ¢ oo cusp & (o the new cusp avg, and then
1At gL T, . back aftert, (at a time defined as=0). Then, one focuses
dt’]dt’ and, writing 7=t—t" and usingAG(t)~ —In(Ww)  on the behavior of the excess conductanda(t) for t>0.
we find that the amplitude of the dip changes with sweep ratging this time, G relaxes towards its equilibrium value.
¢ but the Shal?e dpes ngt. , __This process is a rebuilding of the old cusp/@tthat dimin-
An interesting issue in these measurements is the ability,,oq iy magpnitude during the time the system sper\tgat
qf the systgm tp memorizg the history of the external Condi'Obvioust,AG(O) depends on the dynamics that takes place
tions to which it was subjected, such ¥, ty, and tem-  ¢yo namely, the decay rate @°. This dependence, how-
perature. In this picture, after changing the external Cond'éver, is concealed in the aging experiments. It is precisely
tions, the electronic configuration retains a certain memoryp;g missing information that can be retrieved via the TDE.
of the quasiparticle structure appropriate for the old externajy particular, the following features can be established from
conditions prevailing during equilibration. This memory then ipege experiments. First, for smallVy, both A°(t) and
will gradually diminish with time. Loosely speaking, one AN(t) evolve antisymmetrically witht,A[ A°(t)]e —aln(t)
may say that the memory resides in the correlations involved , A[A"(t)]aln() (Fig. 14. Second, the process of re-
in the makeup_ of q_uasiparticles. OT‘e WC.’UId expect thgn thalguilding the cusp aV? is also of the same form albeit only
once the quasiparticles are fully “dissociated” into partlcles,for t<ty.®Let us no?/v see how these features lead naturally
all traces of memory are wiped out from the system. Th|s[0 simple-aging behavior. The relaxatidrG(t>0) can now
may happen when the energy of excitation becomes larg e witten as AG(t>0)=AG(ty)— A"(t)=AG(ty)

than the formation energy of quasiparticles. This is consistent : L .
with the observation of memory degradation by large excita- aln(tty), wherea G(to) is the initial amplitude at, (say,

: . . ; the sampling timg Then, from the relation betweehnG(t)
tlon._ The reduction Of. mobility, as the gradual d_ress'lng OfandA"(t) discussed above and from the first feature we can
carriers by other carriers enhances the correlation in the'\yvrite AG(tg) =A%(0)— A%ty,) = aln(ty/ty). Thus, we find
motion, provides a possible mechanism by which such pro- 0 W wror ’
cesses may affect the conductance.

Next, we want Fo elaborate on the advantages in fqllowing G(t>0)=aln(ty/to) —aln(t/ty) = —aln(t/ty), (3
the glassy dynamics by measuring the funct@&(V,;t), i.e.,
by performing the FE experiments. ObviousB(V;t) car-
ries more information about the nonequilibrium dynamicsconsistent with a simple-aging behavior at this limit of small
than that obtainable from just monitoring the respoGge)  AV,. When AV, is not small we observe deviation from
at fixedV,. Consider the following examples. simple aging(Fig. 12. The TDE show that this deviation is

(i) As noted aboveG(V,) has a typical shape that de- due to the degradation of the memory cusp amplitade
pends on the temperature at which the system was allowed fthis degradation oA° is apparent already in the fir&(V,)
equilibrate[Figs. 1@a) and 1@b)]. This correlation between trace taken after sweeping, to V’g‘ (Figs. 13 and 1# Al-
the cusp shape and the temperature enabled us to identifjough at later time#\°(t) is still logarithmic, it has a dif-
[Fig. 10c)] a new kind of memory: a memory of the “equili- ferent slope than that o&k"(t) due to the weakened ampli-
bration temperature.” tude at early times. Thus, there is no symmetry between the

(i) The FE experiments show that the evolution of theevolution of A° and A" in this case.
responsés(t) after cooling is just part of a developmentofa  For 0<t<t,y, the consistently observed relaxation law
cusp inG(V,) (Fig. 6). Namely, most of the evolution occurs AG(t)f(t/ty) in our aging experiments is logarithmic and
over a limited range of gate voltages aroumgi It is plau-  extrapolates to zero att, (Fig. 11, dashed line This is in
sible then that this limited range of gate voltages reflects thagreement with the above expressi@ithat is based on the
existence of an energy range in which most of the dynamicantisymmetry in the evolution of the two dips in the TDE.
takes place. Moreover, as noted above, following quencH herefore, it seems that this common relaxation function
cooling the shape of the cusp does not change with timd(t/ty,) for t/t,y<<1 actually reflects the underlying antisym-
(inset of Fig. 6. This should be contrasted with the observa-metry between the decay and the creation of the cusp in the
tion that the cusp shape does reflect the equilibriarmear-  G(V,) traces. On the other hand, foet,y, f(t/ty) deviates
equilibrium) temperature. We may thus conclude that thefrom the logarithmic relaxation law. This may indicate that
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the explanation for this relaxation law over the whole timesuch a property. In this framework, memory appears since
domain(and thus to the simple-aging behayids probably the evolution of these correlations after altering the external
more involved. conditions is very sluggish. It will be interesting to find

In summary, we have presented results of the nonequilibwhether this slow evolution also affects other measurements
rium transport properties of insulating InGnd InO;_,  than the conductance or the field effect.
samples with special emphasis on field-effect experiments. Finally, the advantage in measuring the temporal evolu-
Some properties of these experiments are robust againson of G(V,) rather than just monitorinG(t) at a fixedV
variations in the way we do the measurements, i.e., sweelpas been emphasized. It would be of interest to study the
the gate voltage. These properties are the shape of the cuspproperties of the analogous function in other glassy systems.
G(Vy), its temperature dependence, and its time evolutiorHere we draw attention to the resemblance between the cusp
following quench cooling. It was also shown that the shapén our G(Vy) and the similar features found in the ac capaci-
of the cusp reflects not only the measurement conditions buance measurements versus dc electric field in structural
also retains a certain memory of the equilibration temperaglassed' and in magnetic susceptibility versus magnetic field
ture. We proposed that the cusp@gV,) reflects an internal in spin glasse®
property of the system that characterizes the specific external
conditions experienced by the sample during equilibration.
These conditions are memorized and may be retrieved long
after the external conditions are changed. We discussed the This research was supported by a grant administered by
correlation between electrons as a possible candidate fahe U.S. Israel Science Foundation.
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