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Nonequilibrium field effect and memory in the electron glass
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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 field-effect~FE!
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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I. INTRODUCTION

One of the intriguing properties of glasses is the nons
tionary nature of their dynamics. This property is responsi
for a variety of memory effects exhibited by the system.
well-known manifestation of memory is the dependence
the relaxation law on the sample history. Specifically, let$xi%
be a set of external conditions that control some macrosc
propertyP of the system. When$xi% is changed from$xi

o% to
$xi

n%, P will ‘‘relax’’ from P($xi
o%) towards P($xi

n%). The
time dependence of the relaxation processP(t) will in gen-
eral depend on the system itself,$xi

o%, $xi
n%, and possibly on

P(0). In a glassy system,P(t) will also depend ontW , the
time the system has spent under the influence of$xi

o%. In a
spin glass, for example, the magnetization relaxes with t
in a way that reflects the time elapsed since the cooling p
cess, during which the system was under the influence
magnetic field. This is in contrast to the behavior of a ‘‘h
mogeneous’’ system likeRC circuits; The charge on a ca
pacitor C shunted by a resistorR will decay with the same
time constant independent of the time it was connected
voltage source. The observation that the relaxation lawP(t)
in glasses is a function of botht and tW is commonly called
‘‘aging.’’

It has been suggested that glasses can be classified b
specific form of the functionP(t,tW) they exhibit.1 A par-
ticular case is whenP(t,tW)5P(t/tW) which has been
termed ‘‘simple,’’1 ‘‘naive,’’ 2 or ‘‘full’’ 3 aging. Such a scal
ing law for P was recently found in experiments on electr
glass.4 In the electron glass, the propertyP is associated with
the excess conductanceDG, and the external conditions$xi%
may be represented, e.g., by the carrier concentrationn. The
latter could be modified by fabricating the sample in a me
oxide-semiconductor field-effect transistor~MOSFET! con-
figuration and using the gate voltageVg to change the charg
in the sample. In our systems, the change in the carrier c
centrationn due to variations inVg is relatively small, typi-
cally Dn/n'1%. Yet this small change inn is effective in
terms of bringing about significant nonequilibrium effect5
0163-1829/2002/65~13!/134208~11!/$20.00 65 1342
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As shown before,5,6 the field effectG(Vg) in several hopping
systems includes a nonequilibrium component in the form
a symmetric, cusplike structure that appears around the
voltageVg

o at which the system was allowed to equilibrat
This nonequilibrium feature may persist for hours after
new Vg was applied.7,8 Drawing on the understanding of th
equilibrium FE measurement, the association ofDVg with an
energy scale seems natural. In this respect, the ability of
system to keep some memory ofVg

o could be interpreted as
memory of information in the energy domain~as opposed to
the ‘‘aging’’ phenomenon which reflects memory of a
elapsed time, i.e., ‘‘age’’!. However, since these FE measur
ments were carried out under nonequilibrium conditions
relation to energy is more subtle.

In this paper, we extend the study of aging and oth
memory effects in the electron glass by focusing on the
havior ofG(Vg ,t). We show that at a given temperature, t
cusp inG(Vg) has a characteristic shape independent of d
order, magnetic field, aging time, and the rate at whichVg is
swept. On the other hand, the cusp is found to be narro
the lower the bath temperature. Moreover, it turns out t
the amplitude and shape of this characteristic feature re
the ‘‘history’’ experienced by the sample. The cusp contin
ously develops with the time elapsed since quench coo
the sample to low temperatures. More intriguingly,G(Vg)
measured atT5T1 a short time after it was cooled fromT2,
at which the system was allowed to equilibrate, retains
shape it had atT2.

The results discussed below seem to indicate that s
property describing the state of the system contains
memory about the system history and affects the meas
G(Vg). We discuss the possibility that this property is ass
ciated with correlations in the configuration and motion
carriers due to interactions.

We argue that knowledge ofG(Vg ,t) gives one a broade
perspective on the temporal aspects of the glassy relaxa
and complements the information gained by studying just
responseG(t) at fixed Vg . As an example, we discuss th
temporal evolution of the system properties followin
quench cooling to low temperatures and the memory of
©2002 The American Physical Society08-1
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equilibration temperature that shows up inG(Vg). We also
discuss the aging phenomenon, showing what are the
quirements to obtain ‘‘simple aging’’ in terms of the dynam
ics involved inG(Vg). We demonstrate that varying the me
surement parameters results in deviations from simple a
and discuss the implications of these results.

II. EXPERIMENT

Most of the samples used in this study were prepared
MOSFET-like configuration schematically shown in Fig.
along with a typical measurement circuit. Several variants
the device were used. The active layer was a thin film
indium oxide deposited by ane-gun using 99.999% pure
In2O3. This was either an amorphous film~typically 200 Å
thick! or a polycrystalline film~typically 50 Å thick!. These
will be referred to below as InOx and In2O32x , respectively.
As deposited indium-oxide films are usually amorpho
Polycrystalline films were prepared by heating the sample
250 °C after deposition. Samples lateral dimensions wer
31 –535 mm. A fuller description of these materials
given in Ref. 9. For completeness, we present in Fig. 2 tra
mission electron microscopy~TEM! pictures and diffraction
patterns of the In2O32x and InOx active layers demonstratin
the difference in their microstructure. All samples measu
in this study were in the insulating regime wit
R(4.1 K)/R(300 K) in the range of 103–104. In the InOx
films, we could change the carrier concentration by vary
the deposition rate (0.3–2 Å/sec) and the residual pres

FIG. 1. A schematic drawing of the measurement circuit and
device used in the field-effect measurements.

FIG. 2. TEM pictures and diffraction patterns of InOx and
In2O32x thin films (200 Å thick!, used as the active layers in th
study. The white bar corresponds to 200 nm.
13420
e-

g

a

f
f

.
to
1

s-

d

g
re

of O2 (531025–531024 Torr) during deposition. The
concentration was determined from Hall effect measu
ments using magnetic fields up to 0.7 T. Three different sp
ers were used in this study: microscope cover-gl
(140 mm thick!, single-crystal Al2O3 wafer (100 mm thick,
C-axis ^0001& orientation!, and SiO2 (0.5 mm thick! ther-
mally grown on a heavily doped~boronP-type, 0.002V cm)
single-crystal Si wafer̂001& surface. In the latter case, the S
wafer served also as the gate electrode. In the other two c
a 500-Å-thick gold film was evaporated on the other side
the spacer.

Most of the measurements were carried out atT54.1 K
with the samples immersed in liquid4He. This enabled high
temperature-stability over long times. Measurements as fu
tion of temperature were performed either in a3He rig or in
a pumped4He cryostat. In addition to employing a temper
ture controller or a vapor-pressure controller, a Ge thermo
eter mounted on the sample stage was used to correc
residual temperature fluctuations. The conductance of
samples was measured using a two-terminal ac techn
employing an ITHACO 1211 current amplifier and a PA
124A lock-in amplifier. Care was taken to ensure a line
response by the use of sufficiently low ac bias. The g
voltage was applied by charging a 10-mF capacitor, con-
nected in parallel with the device, by a Keithley 220 curre
source. The capacitance of the device~sample and gate! var-
ied in the range 30–200 pF depending on sample area
spacer properties.

As mentioned above, a dominant feature in these fie
effect ~FE! measurements is the appearance of a cusp in
conductance versus gate voltageG(Vg) traces centered at th
equilibrium gate-voltageVg

o . Examples for such a cusp ar
shown in Fig. 3 where FE traces for different active laye
and spacers are compared. These measurements emp
the symmetric sweeping procedure described below. In
inset, the same traces are shown after subtracting the
from a linear part~such as the dashed line in the main figur!
and after normalizing the amplitudes. This linear part cor
sponds to the usual~equilibrium! FE response.10 In order to
allow a comparison between these traces they are plo
against the accumulated surface charge in the sampleQs)
related toVg by Qs5Vg(«/L), where« is the dielectric con-
stant andL is the thickness of the spacer. It can be seen t
in terms ofG(Qs) the shape of the cusp is independent of t
spacer material. Note also that the cusp inG(Qs) is nearly
identical for InOx and In2O32x samples, which, in the cas
shown, have comparable carrier concentration.

As explained before,5 the appearance of the cusp in th
G(Vg) traces is due to a nonequilibrium measurement. I
therefore appropriate to specify the different procedures
used to obtain those traces. In this work, we employed
procedures to measure the FE.

~i! Symmetric sweep.This measurement is done by swee
ing Vg away fromVg

o in a symmetric fashion. Starting att
50 from Vg

o we sweepVg and recordG for Vg.Vg
o . Then

we bring backVg to Vg
o and keep it there untilG(Vg

o) relaxes
to its value att50. Finally, Vg is swept fromVg

o to record
G(Vg) for Vg,Vg

o , and the two pieces ofG(Vg) are merged.

e
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~ii ! Continuous sweep. Vg is swept continuously through
Vg

o , starting from the maximumVg to its minimum value
within the range straddlingVg

o . The cusp inG(Vg) measured
in this way is also referred to as a ‘‘memory cusp.’’ Nat
rally, to produce such a scanVg must be first swept away
from Vg

o . Hereafter, unless otherwise mentioned, this w
done by sweepingVg directly fromVg

o to the starting point of
the continuous sweep, using the same sweep rate throug
the experiment.

Other experiments that are used in this study are
‘‘two-dip experiment’’7,8 ~TDE! and the ‘‘aging’’4 experi-
ment that involve the following procedures.

Aging experiment.The system is first equilibrated fo
about a day at the measurement temperature with a ce
gate voltageVg

o . Then, we shiftVg from Vg
o to some new

value Vg
n and then, a timetW later, shift Vg back to Vg

o .
Following the return toVg

o , at t[0 the excess conductanc
DG(t) ~the conductance in excess of the equilibrium co
ductance atVg

o) is measured as function of time fort.0.
This procedure is then repeated for varying values ofTW .

FIG. 3. G(Vg) traces measured using three different devic
In2O32x sample on a sapphire spacer (Rh5100 MV, open dia-
monds!, In2O32x sample on a microscope cover glass spacer (Rh

516 MV, solid circles!, and InOx sample on a sapphire spac
(Rh5330 MV, open circles!. In the inset, the same traces a
plotted vsQs after subtracting a linear part~e.g., the dashed line!
and normalizing their amplitudes.Qs was calculated usingL
5140 mm, «54.4 for the cover glass spacer andL5100 mm, «
59.5 for the sapphire spacer.
13420
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TDE. In this case, after the system was equilibrated
about a day withVg5Vg

o at the measurement temperatur
we shiftVg from Vg

o to Vg
n and keep it atVg

n for the duration
of the experiment. At various times after the shift toVg

n , we
sweepVg rapidly through a voltage domain containing bo
Vg

o and Vg
n . This allows the observation of the evolution o

the dips at those two values ofVg , i.e., the ‘‘new’’ valueVg
n

and the ‘‘old’’ oneVg
o .

An important feature in these measurements is the s
evolution of the conductance following a sudden change
the gate voltage. Since changing the gate voltage indu
charge on the sample, it is important to know the dynam
of this charging current (I ch) and compare it to the dynamic
of the conductance. In Fig. 4,I ch(t) ~measured by monitor-
ing the voltage on a 1-MV resistor connected in series wit
the sample! andG(t) are shown during sweeps ofVg using
different sweeping rates, at 4.1 K and 77 K. The charg
current was found to scale linearly with the sweep rate~see
inset!, and thus the capacitance of the deviceC could be
deduced usingI ch5C(dVg /dt). This value was found to be
similar at both temperatures and is consistent with the roo
temperature value~within 2%!. Moreover, we could not de
tect any slowly varying component ofI ch , within our experi-
mental time and current resolution. This should be contras
with the corresponding behavior of the conductance. At h
temperatures,G(t) follows Vg in keeping with the charging
current. This effect corresponds to the usual~equilibrium!
FE.10 At low temperatures, on the other hand, whileI c be-
haves in a similar way as at high temperature, the cond
tance continues to change long afterVg reached a constan
value. Obviously, the slow response ofG is not due to slow
variations in the charging current or the capacitance of
device.

III. RESULTS AND DISCUSSION

As is evident from Fig. 4 above, the anomalous featu
associated with nonequilibrium effects are observable onl
low temperatures~typically below 50–5 K, depending on th
sample disorder11!. We start this section by demonstratin
that after quench-cooling the sample to a sufficiently lo
temperature its properties keep changing for a long tim
Figure 5 shows a typical example ofG(t) following quench
cooling of the sample from;100 K to liquid 4He bath at
4.1 K ~cooling time is roughly 2 min!. The figure reveals tha
while the bath temperature~as indicated by the resistance
the thermometer! is stationary, the conductance of the samp
is not—it continues to change a long time after quenchi
This demonstrates that the conductance of the sample
not merely depend on the temperature but also on the t
that elapsed since the quench. This behavior is quite gen
It is observed in all our insulating samples whether they h
a gate or not. Such phenomenon of time-dependent resp
measured after a cooldown occurs in a variety of other s
tems such as spin glasses,3 supercooled liquids,12 and
polymers.13 The underlying reason for this behavior is pr
sumably a gradual microscopic change within the syst
that alters its response properties.

:

8-3



he
im
in
d

on

e
pin
o

st
sp
th

is
in
the
lops

it
ed
re-
me
b-

e

e
te

rates
sp
no-

no
that
ape
n
gni-
ing
usp
us
t
ut
of

li-
ar

f
in

f

s
e

A. VAKNIN, Z. OVADYAHU, AND M. POLLAK PHYSICAL REVIEW B 65 134208
To gain more insight into the changes occurring in t
system after cooling, we measured the FE at various t
intervalst after the cooldown. In the experiments shown
Fig. 6, while keepingVg50, the temperature was lowere
from ;100 K to 4.1 K. The FE was then measured a timet
after the cooldown using both the symmetrical and the c
tinuous sweeping procedures ofVg ~see Sec. II!. These
G(Vg) traces show a cusp aroundVg50 whose magnitude
increases gradually ast increases. As shown in the figur
this development of the cusp is independent of the swee
procedure used in the experiment, i.e., symmetrical or c
tinuous. It can be seen that theG(Vg) traces for differentt
coincide far from the equilibriumVg . Thus,G(t) does not
represent a homogeneous decrease ofG(Vg). This may indi-
cate that the gradual change in the response of the sy
~Fig. 5! is intimately connected with the creation of the cu
in G(Vg). Therefore, we may interpret these results in

FIG. 4. The charging currentI ch and the sample conductivityG,
during and after sweeps ofVg from 2100 V to 100 V, plotted vs
t/tsweep, where tsweep is the sweep duration.~a! I ch(t/tsweep) is
shown for sweeping rates of 10 V/sec and 1 V/sec~circles and
squares, respectively!, and at temperatures of 4.1 K and 77 K~full
and empty symbols, respectively!. TheY axis is normalized by the
maximal charging current (I max). A representative trace o
Vg(t/tsweep) is also shown in the lower part of the figure. Sweeps
the reversed direction yielded the same behavior. In the inset,I max

is plotted vs the sweep rate.~b! G(t/tsweep), following a sweep of
Vg at t50 ~12 V/sec!. In2O32x sample on a sapphire spacer.Rh is
100 MV and 140 kV at 4.1 K and 77 K, respectively.
13420
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following way. Immediately after the quench, the system
not yet in equilibrium and hence there is no modulation
G(Vg), and the conductance is high as compared with
conductance at equilibrium. As time elapses, a cusp deve
in G(Vg) which means thatG(Vg50) diminishes with time.

This slow dynamics of the system after cooling made
imperative to allow the system to equilibrate under fix
external conditions for a long time before other measu
ments could be done. It was found that this equilibration ti
should be long in comparison with the duration of any su
sequent experiment, e.g.,tW in the aging experiment.

Following quench cooling, while the amplitude of th
cusp inG(Vg) evolves with time theshapeof the cuspdoes
not ~inset of Fig. 6!. The shape of this cusp is found to b
insensitive also to the rate or direction in which the ga
voltage is swept. FE traces measured using various scan
of Vg are shown in Fig. 7. The figure reveals that the cu
amplitude depends on the scan rate, in keeping with the
tion that the cusp is a nonequilibrium effect. Obviously,
cusp can be observed in the limit of a scan rate so slow
equilibrium persists throughout the entire scan. But the sh
of the cusp in the vicinity ofVg

o is independent of the sca
rate over a range of rates in excess of two orders of ma
tude. A comparison of the cusp shape in various scann
modes is presented in Fig. 8. Evidently, the shape of the c
is essentially identical for both the symmetric and continuo
scanning modes@Fig. 8~a!#. Furthermore, in the experimen
shown in Fig. 8~b! a symmetric sweep was first carried o
~lower trace! followed by a continuous and periodic sweep
Vg between2100 V and1100 V for several hours. Dur-
ing this sweep we observe cusplike minima with an amp
tude that decays logarithmically in time, but with a simil
shape and in the same position.14 In addition, changes in the
structural disorder or an application of magnetic field~up to
20 T! also do not affect the shape of the cusp~Fig. 9!. There-
fore, it seems that for a given sample15 at a given tempera-

FIG. 5. The conductance of the sampleG and the resistance o
the Ge thermometerR, following quench cooling to 4.1 K. Also
shown is the response ofG and R to a temperature changeDT
;1 mK, induced by varying the4He vapor pressure. Using thi
calibration, variations inG due to temperature instability during th
measurement could be corrected. In2O32x sample on a sapphire
spacer,Rh5100 MV.
8-4
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NONEQUILIBRIUM FIELD EFFECT AND MEMORY IN . . . PHYSICAL REVIEW B65 134208
ture the cusp has acharacteristic shape.
On the other hand, Fig. 10 shows that the shape of

cusp does depend on the temperature at which it is meas
provided the experiment is performed after the system is
lowed to equilibrate at this temperature. Figure 10~a! pre-
sentsG(Vg) traces produced in a regime of temperatu
between 0.7 K and 7 K. Measurements were done in
runs: from 4 K to 9 K andfrom 0.7 K to 1.5 K. Between
runs, the sample was taken out of the cryostat and its re
tivity was lowered16 by UV treatment~see Ref. 9 for details!.
The curves are scaled such that they all coincide far fr
Vg50. It can be seen that the cusp sharpens with decrea
temperature. This point is exhibited somewhat differently
Fig. 10~b! where G(Vg) traces measured at two differe
temperatures~1.6 K and 4.1 K! for both the symmetric and
continuous types of scanning are plotted. In this case
curves are scaled such that the amplitudes of the minima
correspond to the same type of scan coincide. In the cont
ous scans, the sample was first kept withVg5230 V for 5

FIG. 6. G(Vg) traces, measured at various timest after the
sample was quench cooled to 4.1 K. For each value oft a separated
cooling cycle was done. At each cycle, traces were measured u
both symmetric and continuous sweeping procedures, shown i~a!
and ~b!, respectively. In the inset, the same traces shown in~a! are
plotted after subtracting a linear part and normalizing their am
tude. The sweep rate is 0.8 V/sec. The sample is the sam
in Fig. 5.
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h at the temperature of measurement. Then,Vg was swept to
130 V where it was kept for 8 min and then swept back
2100 V. It is again seen that lowering the temperatu
sharpens the cusp, equally so in both types of scan. In
10~c! such continuous sweep experiments~done at constan
temperature! are compared with a similar experiment b
where the sample was cooled from 4.1 K to 1.6 K during
8 min pause atVg530 V ~combined procedure!. The inter-
esting feature revealed by the figure is that the shape of
memory cusp measured after such cooling procedure is c
acteristic of the temperature that preceded the cooling.

In summarizing the above experimental results we m
say that although the appearance of the cusp in the FE m
surements is a nonequilibrium feature, we find several pr
erties of this cusp that are insensitive of the way we meas
G(Vg). These are the evolution of the cusp after cooling
sample, the position and shape of this cusp at a given t
perature, and the narrowing of this cusp at lower tempe
tures. It was also shown that the shape of the memory c
might depend on the temperature at which the system
equilibrated, which could be quite higher than the tempe
ture prevailing during its actual measurement. This dem
strates amemory of the equilibration temperature.

ing

i-
as

FIG. 7. G(Vg) traces measured using the symmetric sweep
procedure with various sweep rates ofVg . ~a! Raw data.~b! The
same data after subtracting a linear part and normalizing the am
tude. In2O32x sample on a microscope cover glass spacer, meas
at 4.1 K.Rh516 MV.
8-5
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A. VAKNIN, Z. OVADYAHU, AND M. POLLAK PHYSICAL REVIEW B 65 134208
One may try to explain the existence of the cusp based
two premises. First, in the Anderson-insulating phase
conductivity of a system with a nonequilibrium distributio
of electrons is always larger than its equilibriu
conductivity.17 Second, sweepingVg away from its equilib-
rium value produces a nonequilibrium situation if electro
are inserted~extracted! into ~from! the sample at a rate tha
exceeds the rate of decay to equilibrium. For a symmetr
sweep, such dynamical considerations might indeed exp
the existence of a minimum inG(Vg) around the equilibrium
gate voltage. On this basis, one may also understand
temperature dependence of the cusp shape—that is, b
suming that the excitation must exceed a certain ene
~which in this scenario is related to the temperature! before a
notable change inG occurs.7 However, it is hard to see how

FIG. 8. ~a! G(Vg) traces, measured using the symmetric and
continuous sweeping procedures~solid and open circles, respec
tively!. Between scansVg was kept at 10 V for 30 sec. Traces a
shown after normalizing their amplitude. InOx sample on a SiO2
spacer.Rh571 MV. ~b! SelectedG(Vg) traces, measured at dif
ferent timest during a continuous and periodic sweep ofVg .
t/1000 (sec)50, 3, 5.6, 13.4, 21.2, 44.4, 68, 160, 346, 532~bot-
tom to top!, labeled by the time at the beginning of trace. The swe
rate is 0.8 V/sec. The dependence of the conductance atVg50 ont
is plotted in the lower-right inset. In the upper-left inset, the fi
eight G(Vg) traces are shown after subtracting a linear part a
normalizing their amplitudes. In2O32x sample on a sapphire space
measured at 4.1 K.Rh5100 MV.
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such a picture alone can explain other features of this p
nomenon. In particular, there seems to be no natural wa
account for the following findings: the appearance of
memory cusp that is similar in position and shape to
symmetric cusp, the appearance of memory of the equilib
tion temperature, and the aging behavior.4

We suggest that the cusp inG(Vg) reflects some interna
property of the system. In equilibrium, such a prope
should characterize the external conditions felt by
sample, e.g.,Vg or temperature, and retain a specific memo
of these conditions a long time after they were altered. C
sidering the dynamics seen in Figs. 6 and 8 one may c
clude that equilibrating at a specific gate voltage, say,Vg

o ,
has an effect only on a restricted region ofVg aroundVg

o .
This may imply that each value ofVg is associated to a
different and distinct equilibrium state of the system. La
we examine the possibility that the property that charac
izes the state of the system is associated with the correla
in the configuration and motion of carriers that arises due

e

p

t
d

FIG. 9. ~a! G(Vg) traces, measured at different magnetic fiel
~using a Bitter magnet!. In2O32x sample on a microscope cove
glass spacer.Rh510 MV. ~b! G(Vg) traces, measured before an
after thermal annealing of the sample, and thus having differ
structural disorder, labeled by the resistance. InOx sample on a SiO2
spacer.~c! The same as in~b! for a different amorphous sample o
a sapphire spacer. All traces were measured using the symm
sweep procedure, at 4.1 K.
8-6
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NONEQUILIBRIUM FIELD EFFECT AND MEMORY IN . . . PHYSICAL REVIEW B65 134208
the mutual interaction between them. Evidence for the r
of interactions in this system was already presented7,8 before.
One would expect then that such correlations would be
minished by a strong excitation presumably above an ene
that characterizes the strength of the interaction. In the
lowing, we show that this is indeed the case in two comp
mentary experiments: the ‘‘two-dip experiments’’ and t
‘‘aging’’ experiments. The strength of the excitation relat
here to the magnitude of the shift in the gate voltageDVg

[uVg
o2Vg

nu ~see Sec. II!.
In the case of smallDVg the following results were ob

tained. In the aging experiments, it is found4 that DG(t)
} f (t/tW), i.e., simple aging. In Fig. 11 result of aging e

FIG. 10. ~a! G(Vg) traces, measured using the symmet
sweeping procedure at different temperatures~as indicated in the
figure!. In2O32x sample on a microscope cover glass spacer.Rh

varied in the range 33105–33108V. ~b! G(Vg) traces, measured
at 4.1 K (Rh54.8 MV, circles! and 1.6 K (Rh5360 MV, dia-
monds!, using both the symmetric and the continuous sweep
procedures~solid and open symbols, respectively!. In2O32x sample
on a sapphire spacer.~c! G(Vg) traces, measured on the sam
sample as in~b! using either the ‘‘combined’’ procedure~solid
circles! or the constant temperature procedure at 4.1 K~open dia-
monds! and 1.6 K ~line!. Also shown is a trace measured aft
carrying out the combined procedure and another waiting perio
3 h at 1.6 K andVg5230 V before the sweep~crosses!. All traces
are shown after subtracting a linear part and normalizing th
amplitudes.
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periments, i.e.,DG(t), are shown for different samples in
cluding polycrystalline and amorphous samples, samp
with different carriers concentration (331019–3
31021 cm23) and thickness (50 Å, 200 Å, and 2000 Å
It can be seen thatf (t/tW) is, to a good approximation, th
same for all measured samples. Interestingly, fort/tW,1,
f (t/tW)} ln(t/tW), such that if this logarithmic dependenc
would persist to the end~dashed line!, DG would have re-
laxed to its original~equilibrium! value after a timetW , i.e.,
the decay and buildup times ofDG would be the same. This
behavior is apparent also in Fig. 12~a! where the relaxation
plots DG(t/tW) corresponding to differenttW’s are shown
for a specific sample.

In the TDE, for the same values ofDVg we observe an
antisymmetrically related time dependence of the buildup
the cusp atVg

n and the decay of the cusp atVg
o . This can be

seen from the raw data in Fig. 13~a! or with the aid of Fig.
14, where the amplitude of the ‘‘old’’ dipAo and that of the
‘‘new’’ one An are plotted as a function of time.

In both experiments, applying large enoughDVg causes a
deviation from the behavior described above. As shown
Fig. 12~b! the simple-aging law is no longer obeyed. Th
deviation of the relaxation curves from the ‘‘universal’’ re
laxation law ~dashed line! increases with decreasingTW .
Thus, it seems that the effect of largeDVg on the relaxation
curves is more pronounced for shorterTW . This is presum-
ably due to the fact that after longTW the memory of the
state that corresponds toVg

o is considerably diminished eve
for small DVg , and thus the additional effect of the larg
change inVg is less prominent. With increasingDVg there is
a tendency forDG(t) to become independent oftW . These
findings are consistent with the hypothesis that a large s
in Vg causes degradation in the memory of the system
garding its voltage history. This may be more directly se
by considering the effect of the sameDVg on the TDE@Figs.
13~b! and 14#. Here, the antisymmetrically related time d
pendence of the buildup of the new cusp and the decay of

g

of

ir

FIG. 11. DG(t/tW), measured for different samples, during a
aging experiment afterVg is switched back toVg

o . For each sample
traces corresponding to differenttW were averaged and are pre
sented as a single curve. Traces are shown after normalizing
amplitudes. Temperature is 4.1 K.
8-7
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old one is destroyed. A closer inspection of these figu
shows that this destruction involves mainly the dynamics
the old dip. Namely, a short time after movingVg to the new
location the amplitude of the old cusp has diminished s
stantially, while the new cusp still evolves with time at th
same rate as in the smallDVg limit. In other words, it is the
memory of the old dip that is weakened by the largeDVg . It
is important to note that this effect is independent of the s
of DVg , as we ascertained by repeating this experim
sweepingVg to either direction. It was also checked that th
effect is not due to the longer time spent in sweeps to far
Vg ~by varying the sweep rate for the sameDVg and getting
similar results!. This degradation of the memory is more n
ticeable asDVg increases, suggesting that the memory cu
would disappear in the limit of sufficiently largeDVg .

What is the reason for the difference between small ver
largeDVg? The degradation of the memory takes place
causeVg is swept to a~far away! new value. Previous ex
periments established that a sudden change ofVg excites the
system, presumably by imparting certain energy to the e
trons. It thus seems natural to look for an energy scale in
problem that, once exceeded by some external means

FIG. 12. DG(t/tW), measured during an aging experiment af
Vg is switched back toVg

o . Data are shown for two series of ex
periments~a! and~b!, employing differentDVg’s ~see text!. In each
series, different values oftW were used. InOx sample on a sapphire
spacer.Rh5330 MV.
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memory is destroyed. Such a conjecture is consistent w
the results of another experiment in which we exposed
samples to an IR radiation. It turns out that a brief~few
seconds! exposure of the sample to a 1-mm radiation effec-
tively eliminated the memory cusp. On the other han
briefly raising the sample temperature by few tenths o
degree~such as to produce the same increase inG as in the
IR burst! left the memory intact. A detailed description of th
IR irradiation experiments will be published elsewhere.18 It
seems therefore plausible to assume that it takes a ce
energy to destroy the memory. The IR experiments are
very useful in terms of telling what this energy is since t
energyhn by which electrons get excited in the IR expe
ment is much larger than any other energy in the proble
However, they support the assumption that the application
large DVg destroys the memory because it imparts a su
ciently large energy to the electrons. We can then use
observed value ofDVg where simple aging is no longe
obeyed to estimate this energy. A simple estimate of the
ergy associated withDVg can be obtained by evaluating th
corresponding equilibrium shift of the Fermi-energy:DEF
'(]E/]n)Dn(DVg)5CDVg /@N(0)elA# where N(0) is
the system density of states~DOS! at the Fermi energy,C is
the sample-to-gate capacitance,A is the area of the sample
and l is its screening length. Using this procedure,19 we
estimate thatDEF associated with the value ofDVg at which

r

FIG. 13. G(Vg) traces, measured during two TDE,~a! and ~b!,
using the same sample and the sameDVg’s as in Fig. 12 (DVg

[uVg
o2Vg

nu). Before the experiments began, the sample was kep
the measurement temperature 4.1 K withVg5Vg

o for about 20 h.
The sweep rate is 2 V/sec and 4 V/sec in~a! and ~b!, respectively.
8-8
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the memory cusp is affected to be 3–5 meV. Note that
energy is of the same order of magnitude as the tempera
above which glassy effects disappear in our systems.11 It is
thus tempting to speculate that it is the correlation ene
that is responsible for the observed glassy phenomena. H
ever, note that this energy is considerably smaller then
estimated Coulomb gap energy.8

The effect of memory degradation described above is c
sistent with the suggestion raised above that the cusp in
FE measurements and the memory of the sample history
related to the correlation between electrons due to their
tual interaction. These correlations are at the heart of
phenomenon known as the Coulomb gap.20 The glassy nature
of Anderson insulators with interactions was anticipated
several authors.21 Numerical simulations of the dynamics i
these systems22 ~based on the Coulomb gap model! show
glassy behavior such as the slow and nonexponential dyn
ics of various properties. Yu23 developed a theory for the
temporal evolution of the density of states and of the c
ductance, following an excitation that corresponds to a s
tially random arrangement of electrons. The calculation w
based on the Coulomb gap model of Baranovskiiet al.24 and
on single-electron hopping with hopping rates based on w
electron-phonon interactions~Miller-Abrahams,25 Mott26! at
T50. These results exhibited the buildup of the cusp in
density of states and thus inG(E;t) that bears considerabl
resemblance to our evolution of the cusp obtained
G(Vg ,t) ~Fig. 6!. This similarity may support the associatio
of the FE cusp with the Coulomb gap. Such an associatio
appealing and would explain, for example, why a cusp
G(Vg) is formed at anyVg where the system equilibrate
However, it is important to realize that the Coulomb g
~like some other correlation gaps of the Fermi-edge singu
ity type! refers to a single-particle DOS. A modulation in th
FE, on the other hand, usually reflects the thermodyna
DOS. In our experiments, neither situation is realize
Rather, the modulation inG(Vg) is due to partially dressed

FIG. 14. A(t), representing eitherAo(t) or An(t) ~open and
solid symbols, respectively!, corresponding to the experimen
shown in Fig. 13~a! and 13~b! ~diamonds and circles, respectively!.
Ao is the amplitude of the cusp atVg

o , andAn is defined as 1 minus
the amplitude of the cusp atVg

n , where both amplitudes are norma
ized with respect to initial cusp amplitude atVg

o .
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quasiparticles. Therefore, at best, one may loosely refe
the cusp shape as reflecting a ‘‘nonthermodynamic DOS

In a different approach to the problem, we wanted to s
how much of the observations could be explained by a s
formation of quasiparticles.27 For that purpose, we assume
interactions between particles to be, in a certain sen
strong, but without specifying their specific nature. In th
framework, the strength of the interaction may be charac
ized by the typical self-energy of a quasiparticle. In the
gime where the interaction is the dominant energy~i.e., at
sufficiently smallDVg), the model can explain several fea
tures of the experiments. These are the following.

The logarithmic temporal relaxation ofDG. The relax-
ation of particles corresponds to a buildup of correlatio
i.e., ’’dressing,’’ which is quite slow because it is relies o
hopping. Correlation in the motion of particles amounts to
decrease in mobility, i.e., in a gradually decrease of cond
tance. The rate of dressing of particles is controlled by
distribution N(w) of transition ratesw. For hopping pro-
cessesw depends exponentially on a random variablex made
up of a hopping distance and of a hopping energy, i.e.w
5w0exp@2x#. The distribution ofw is related to the distri-
bution of x by N(w)dw5N@x(w)#dx, resulting inN(w)5
2(w0 /w)N@2 ln(w/w0)#. Assuming thatx has a smooth
distribution,25,28 thenN@2 ln(w/w0)# can be approximated by
a constant since the argument ofN moderately changes for
large change ofw. A natural assumption regarding the distr
bution is a rapid drop ofN(w) around some minimum value
of w, say,wm . Then one can show that the time-depend
reduction in energy DE(t) is given by the integral
*wmt

` (x21)e2xdx, which gives

DE~ t !;g2 ln~wmt !2(
~21!n~wmt !n

~nn! !
. ~1!

For t,1/wm the logarithmic term dominates the time depe
dence. The more the system relaxes in energy, the smalle
conductance. SoG(E) is monotonic. ExpandingG(E) and
taking the linear term only~the constant term does not affe
DG), we get

DG~ t !;2 ln~wmt !. ~2!

The antisymmetric behavior observed in the TDE.This
behavior can be obtained with the assumption that a cha
of Vg constitutes a small perturbation of the potential ene
and of the electron concentration. Thus, its main role is
alter the structure of quasiparticles. Imagine two spectra
states corresponding toVg

o and to Vg
1 , where each state is

defined by the site occupations. Neglecting the change in
number of electrons, any state in one spectrum correspo
to a state in the other spectrum but at a different energy.
the other hand, since there is nothing particular about a gi
Vg ~within the limits of the assumption!, the DOS of the two
spectra are similar. Now consider a change inVg , say, att
5t0, from Vg

o to Vg
1 . At t,t0 the system is in an equilibrium

state in the spectrum ofVg
o . At t5t0 the same state~the same

configuration of electrons! becomes an excited state in th
spectrum ofVg

1 , and thus gradually relaxes to a new equili
rium state in the spectrum ofVg

1 . If during this evolution one
8-9
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would follow the corresponding states in the spectrum ofVg
o ,

one would observe a climbing in energy at the same rat
which the energy inVg

1 decreases. This can be justified o
the basis of similarity of the two spectra and the assump
of a small perturbation in energy.

The observation that the shape of the cusp is indepen
of the sweep rate.This, however, is under the assumption
a symmetric sweep mode; the continuous sweep mode
not yet been considered in this model. In measuring the fi
effect traces the change inVg is linear in time, i.e.,DVg(t)
5ct wherec is some constant. Considering the sweep ofVg

as a succession of evenly spaced identical infinitesimal
functions,d@DVg(t)#5cdt. ThendDG(t,t8)5@dDG(t,t8)/
dt8]dt8 and, writing t5t2t8 and usingDG(t);2 ln(wmt)
we find that the amplitude of the dip changes with sweep
c but the shape does not.

An interesting issue in these measurements is the ab
of the system to memorize the history of the external con
tions to which it was subjected, such asVg , tW , and tem-
perature. In this picture, after changing the external con
tions, the electronic configuration retains a certain mem
of the quasiparticle structure appropriate for the old exter
conditions prevailing during equilibration. This memory th
will gradually diminish with time. Loosely speaking, on
may say that the memory resides in the correlations invol
in the makeup of quasiparticles. One would expect then
once the quasiparticles are fully ‘‘dissociated’’ into particle
all traces of memory are wiped out from the system. T
may happen when the energy of excitation becomes la
than the formation energy of quasiparticles. This is consis
with the observation of memory degradation by large exc
tion. The reduction of mobility, as the gradual dressing
carriers by other carriers enhances the correlation in t
motion, provides a possible mechanism by which such p
cesses may affect the conductance.

Next, we want to elaborate on the advantages in follow
the glassy dynamics by measuring the functionG(Vg ;t), i.e.,
by performing the FE experiments. Obviously,G(Vg ;t) car-
ries more information about the nonequilibrium dynam
than that obtainable from just monitoring the responseG(t)
at fixedVg . Consider the following examples.

~i! As noted above,G(Vg) has a typical shape that de
pends on the temperature at which the system was allowe
equilibrate@Figs. 10~a! and 10~b!#. This correlation between
the cusp shape and the temperature enabled us to ide
@Fig. 10~c!# a new kind of memory: a memory of the ‘‘equili
bration temperature.’’

~ii ! The FE experiments show that the evolution of t
responseG(t) after cooling is just part of a development of
cusp inG(Vg) ~Fig. 6!. Namely, most of the evolution occur
over a limited range of gate voltages aroundVg

o . It is plau-
sible then that this limited range of gate voltages reflects
existence of an energy range in which most of the dynam
takes place. Moreover, as noted above, following que
cooling the shape of the cusp does not change with t
~inset of Fig. 6!. This should be contrasted with the observ
tion that the cusp shape does reflect the equilibrium~or near-
equilibrium! temperature. We may thus conclude that t
13420
at

n

nt

as
d-

ep

te

ty
i-

i-
y
al

d
at
,
s
er
nt
-
f
ir
-

g

to

tify

e
s
h
e
-

e

evolution of the cusp~and therefore the decay of the re
sponse after cooling! cannot be viewed as a slow ‘‘cooling
of the electronic system.29 In this context it is interesting to
note the similarity between the time evolution of the cusp
these FE experiments and the corresponding behavior o
DOS in the numerical results shown in Ref. 23.

Finally, we show how monitoringG(Vg ;t) using the TDE
may help to understand the various aging phenomena fro
different perspective. In particular, the reason for the dev
tion from simple-aging behavior whenDVg is not small can
be identified. In the aging experiment, the conductance
continuously measured versus time while switchingVg from
the equilibrium cusp atVg

o to the new cusp atVg
n , and then

back aftertW ~at a time defined ast50). Then, one focuses
on the behavior of the excess conductanceDG(t) for t.0.
During this time,G relaxes towards its equilibrium value
This process is a rebuilding of the old cusp atVg

o that dimin-
ished in magnitude during the time the system spent atVg

n .
Obviously,DG(0) depends on the dynamics that takes pla
at Vg

o , namely, the decay rate ofAo. This dependence, how
ever, is concealed in the aging experiments. It is precis
this missing information that can be retrieved via the TD
In particular, the following features can be established fr
these experiments. First, for smallDVg , both Ao(t) and
An(t) evolve antisymmetrically witht,D@Ao(t)#}2aln(t)
and D@An(t)#}aln(t) ~Fig. 14!. Second, the process of re
building the cusp atVg

o is also of the same form albeit onl
for t!tW .30 Let us now see how these features lead natur
to simple-aging behavior. The relaxationDG(t.0) can now
be written as DG(t.0)5DG(t0)2An(t)5DG(t0)
2aln(t/t0), whereDG(t0) is the initial amplitude att0 ~say,
the sampling time!. Then, from the relation betweenDG(t0)
andAo(t) discussed above and from the first feature we c
write DG(t0)5Ao(0)2Ao(tW)5aln(tW/t0). Thus, we find

G~ t.0!5aln~ tW /t0!2aln~ t/t0!52aln~ t/tW!, ~3!

consistent with a simple-aging behavior at this limit of sm
DVg . When DVg is not small we observe deviation from
simple aging~Fig. 12!. The TDE show that this deviation i
due to the degradation of the memory cusp amplitudeAo.
This degradation ofAo is apparent already in the firstG(Vg)
trace taken after sweepingVg to Vg

n ~Figs. 13 and 14!. Al-
though at later timesAo(t) is still logarithmic, it has a dif-
ferent slope than that ofAn(t) due to the weakened ampl
tude at early times. Thus, there is no symmetry between
evolution ofAo andAn in this case.

For 0,t,tW , the consistently observed relaxation la
DG(t)} f (t/tW) in our aging experiments is logarithmic an
extrapolates to zero att5tW ~Fig. 11, dashed line!. This is in
agreement with the above expression~3! that is based on the
antisymmetry in the evolution of the two dips in the TDE
Therefore, it seems that this common relaxation funct
f (t/tW) for t/tW,1 actually reflects the underlying antisym
metry between the decay and the creation of the cusp in
G(Vg) traces. On the other hand, fort>tW , f (t/tW) deviates
from the logarithmic relaxation law. This may indicate th
8-10
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the explanation for this relaxation law over the whole tim
domain~and thus to the simple-aging behavior! is probably
more involved.

In summary, we have presented results of the nonequ
rium transport properties of insulating InOx and In2O32x
samples with special emphasis on field-effect experime
Some properties of these experiments are robust ag
variations in the way we do the measurements, i.e., sw
the gate voltage. These properties are the shape of the cu
G(Vg), its temperature dependence, and its time evolu
following quench cooling. It was also shown that the sha
of the cusp reflects not only the measurement conditions
also retains a certain memory of the equilibration tempe
ture. We proposed that the cusp inG(Vg) reflects an interna
property of the system that characterizes the specific exte
conditions experienced by the sample during equilibrati
These conditions are memorized and may be retrieved
after the external conditions are changed. We discussed
correlation between electrons as a possible candidate
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such a property. In this framework, memory appears si
the evolution of these correlations after altering the exter
conditions is very sluggish. It will be interesting to fin
whether this slow evolution also affects other measureme
than the conductance or the field effect.

Finally, the advantage in measuring the temporal evo
tion of G(Vg) rather than just monitoringG(t) at a fixedVg
has been emphasized. It would be of interest to study
properties of the analogous function in other glassy syste
Here we draw attention to the resemblance between the
in our G(Vg) and the similar features found in the ac capa
tance measurements versus dc electric field in struct
glasses31 and in magnetic susceptibility versus magnetic fie
in spin glasses.32
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