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Electrical transport studies of quench condensed Bi films at the initial stage of film growth:
A structural transition and the possible formation of electron droplets

M. M. Rosario and Y. Liu
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802
~Received 11 January 2001; revised manuscript received 2 July 2001; published 5 February 2002!

The electrical transport properties of amorphous Bi films prepared by sequential quench deposition have
been studiedin situ. A superconductor-insulator transition was observed as the film was made increasingly
thicker, consistent with previous studies. Unexpected behavior was found at the initial stage of film growth, a
regime not explored in detail prior to the present work. As the temperature was lowered, a positive temperature
coefficient of resistance (dR/dT.0) emerged, with the resistance reaching a minimum before thedR/dT
became negative again. This behavior was accompanied by a nonlinear and asymmetric current-voltage char-
acteristic. As the film became thicker, conventional variable-range hopping was recovered. We attribute the
observed crossover in the electrical transport properties to an amorphous to granular structural transition. The
positivedR/dT found in the amorphous phase of Bi formed at the initial stage of film growth is qualitatively
explained by the formation of metallic droplets within the electron glass.

DOI: 10.1103/PhysRevB.65.094506 PACS number~s!: 74.40.1k, 73.50.2h
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I. INTRODUCTION

Quench condensed films, prepared by depositing m
vapor directly onto substrates held at liquid heliu
temperatures,1 have played an important role in elucidatin
the effects of interactions, disorder, and geometrical c
straints on the properties of an electronic system. Films m
in this manner are conducting at thicknesses as low ad
'10 Å,2 making it a two-dimensional~2D! disordered sys-
tem. Quench condensed films have been used in nume
experimental studies of superconductivity,3 localization,4 and
their interplay. More recently, it has played an important r
in the study of quantum phase transitions, such as the
superconductor-insulator~S-I! and metal-insulator~M-I !
transitions.5

Physics in a strongly disordered system is dominated
electron-electron interactions. These interactions result in
formation of a Coulomb gap, namely, a reduction in t
single-particle density of states~DOS! near the Fermi
energy,6 leading to a modification of variable-range-hoppi
~VRH! conduction.7 The temperature dependence of elec
cal conductivity in the VRH regime is given bys(T)
5s0exp@2(T0 /T)a#, wheres is the electrical conductivity,T
is temperature,s0 and T0 are constants, anda51/3,1/4 in
noninteracting 2D and 3D systems, respectively. The in
duction of Coulomb interactions results ina51/2, regardless
of the dimensionality, with the constantT0 given by T0
5e2/(kbejL), wheree is the dielectric constant andjL is the
localization length.

The Coulomb gap problem can be mapped onto an Is
spin-glass model with 1/r antiferromagnetic interactions in
random field, suggesting that a finite-temperature glass t
sition may be present.8–12An order parameter, similar to th
Edwards-Anderson order parameter used for spin-glass
tems, was proposed for the electron glass in an attemp
find a glass transition. Though a nonzero value of the or
parameter was found, critical behavior was absent in the
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merical studies. Subsequent work10 revealed that a glas
transition is not present at nonzero temperatures, simila
2D Ising spin glasses.13

Experimental studies of the electron glass were origina
carried out on lightly doped semiconductors.14 Recently,
field-effect experiments on strongly disordered systems,15,16

including quench condensed films,17 have revealed glass
behavior ~but not critical behavior associated with a gla
transition!. In particular, effects such as slow relaxation, hy
teresis, memory, and aging are documented in quench
densed Bi and Pb.17 In addition, an observed minimum in th
conductance as a function of gate voltage was proposed t
related to the opening of the Coulomb gap in the DOS18

Interestingly, though the conductance for the films was fou
to fit the general hopping form, the value fora obtained from
the fitting was close to 0.8,17,19 a dependence not given b
any VRH theory.

Recently, in situ scanning tunneling microscopy~STM!
studies on granular quench condensed films of Au and
revealed an unexpected scenario for film growth.20 It appears
that a uniform, homogeneously disordered phase formed
ing the initial depositions. This precursor phase was found
avalanche into an islanded structure as the thickness rea
a critical value. Results obtained on both Au and Pb fil
indicate that the observed structural evolution may be g
eral, independent of substrate material and film prepara
procedure. A similar amorphous precursor phase was fo
in in situ Raman-scattering measurements on Bi films dep
ited onto carbon substrates at 110 K.21 The Raman spectra
indicated a distinct local structural transition from amo
phouslike to nanocrystalline clusters as the film thickn
increased across a critical thickness of;8 Å.

These uniform, amorphous films should also form at
initial stage of film growth in Bi films quench condensed
liquid helium temperatures, even though the local amorph
to crystalline structural transformation may be incomple
because of the reduced substrate temperature. The elec
transport properties of these films at the initial stage of fi
©2002 The American Physical Society06-1
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growth, which have never been studied as regular-sized fi
are too resistive to measure, are of great interest. Trans
measurements on films of macroscopic size, taken simu
neously with thein situ STM studies, showed that the ons
of conductivity occurred when the films were seen to ha
two nearly complete layers of grains, having formed elec
cally connected multigrain clusters. The undetectable ele
cal conductivity of the initial amorphous precursor phase
a macroscopic scale suggests either electron localizatio
an atomic scale because of the strong disorder22 or structural
discontinuity at a large length scale even though electr
within each connected amorphous region are not necess
strongly localized. The prevailing view appears to favor t
former scenario.

We have studied the electrical transport properties
quench condensed Bi films in this precursor regime. Wh
conventional glassy behavior was found in these thinn
films, an unexpected positive temperature coefficient of
sistance (dR/dT.0), accompanied by a nonlinear an
asymmetric current-voltage (I -V) characteristic, was ob
served in the initial stage of film growth. As more Bi wa
deposited, this state was found to enter a more familiar s
characterized by VRH with a Coulomb gap. This crosso
in electrical transport properties supports the model of
amorphous to granular structural transition20 in ultrathin Bi
films. The positivedR/dT found in the initial films is pro-
posed to be a result of the formation of electron dropl
within an electron glass state.

II. SAMPLE PREPARATION AND MEASUREMENTS

Films were prepared by quench deposition in a3He
cryostat.23 A glazed alumina~amorphous Al2O3) substrate,
held at liquid helium temperatures during the evaporation
Bi, was used. An amorphous Ge underlayer, previously u
to help grow an electrically homogeneous film, wasnot
evaporated onto the substrate prior to the Bi evaporat
Current-biased dc electrical transport measurements w
taken in situ after each evaporation. A set of films was cr
ated by sequential deposition. To ensure that any poss
annealing was avoided, all films were kept at temperatu
lower than 10 K, and bias currents of less than 1 nA w
used.

A major difficulty in studying the electrical transpo
properties of the films at the initial stage of growth is t
extremely high resistivity, resulting in an unmeasurable
sistance for samples of conventional size. This difficulty c
be circumvented by preparing films of extremely short len
but relatively large width, which can be conveniently do
using a two-point probe configuration. An undesired con
quence of the two-point measurement is the inability
eliminate the effects of contact resistances. We have
dressed this experimental issue in two ways. First, we m
an effort to design a sample configuration that would mi
mize the contact resistance. Second, we studied sample
different lengths, so that the contact resistance can be
ferred from a scaling analysis.

In the present work, 100-Å-thick Au measurement lea
were prepatterned onto the substrate. Films were depo
09450
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across a narrow gap between two Au contacts and atop
entire Au electrode. Since the Au film is significantly mo
conductive than the initial Bi films, the measured resistan
is dominated by the resistance of the Bi film in the gap, p
the contact resistance. For the latter, the following steps w
taken to minimize its magnitude. The gap was prepared us
a shadow mask, resulting in smooth and gradual edges
revealed by atomic force microscope study. The combina
of the gradual slope and the good conductivity of the Au th
film is expected to minimize the contact resistance. We st
ied two film sequences of lengths 2.5mm and 35 mm, both
0.5 mm in width. A schematic of the sample configuration
shown in the inset of Fig. 1.

Another experimental difficulty in measuring films at th
initial stage of film growth is the exceedingly long equilib
rium times, due to both the largeRC constant and intrinsic
glassy behavior. We monitored the time response of the v
age for all films which exhibited long settling times. All va
ues shown are the limiting values of the voltage after
equate time was allowed for the measurement to stabil
The glassy states previously observed in strongly disorde
systems are often characterized by extremely long, nonex
nential relaxation times.16,17 Similar behavior was observe
in the present set of films in the region whereR.107 V
~corresponding to sheet resistances ofRh.109), as shown in
Fig. 1. The voltage response can be fit to a stretched ex
nential of the formV(t)5V0$12exp@2(t/t)a#%, whereV0 is
the limiting value of the voltage,t the time constant, anda
the exponential constant. The time constants obtained w
twice as large as expected from theRC constant of the mea
surement system.

III. EXPERIMENTAL RESULTS

In addition to long relaxation times, films at the initia
stage were found to have a nonlinear, asymmetricI -V char-

FIG. 1. Time response of the voltage,V(t), to an applied current
bias of 120 pA at T50.60 K. The solid line represents a fit t
V(t)5V0$12exp@2(t/t)a#% with V050.22 V, t580 s, and a
50.8. A schematic of the sample configuration is shown in
inset.
6-2
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ELECTRICAL TRANSPORT STUDIES OF QUENCH . . . PHYSICAL REVIEW B65 094506
acteristic, as seen in Fig. 2. The asymmetry and nonlinea
were more pronounced at lower temperatures and smoo
evolved to simple Ohmic behavior as temperature was
creased. Nonlinearity, in itself, is not unexpected in syste
dominated by VRH conduction. However, an analysis of
data using theoretically predicted dependences of con
tance on electric field in the VRH regime24 was inconclusive,
as a satisfactory fit was not found. The asymmetry about z
current bias in both magnitude and curvature seen in theI -V
curves has not been theoretically predicted, but may be
derstood qualitatively in a model proposed here~see below!.

Given the nature of theI -V characteristic, dc resistance
were calculated by measuring the voltage across the sa
at a fixed current bias of120 pA. The voltage at zero bia
current is subtracted from this value to account for off
voltages, a common practice in low-temperature electr
transport measurements. The resistance characterist
negative current bias is similar to that measured with a p
tive bias.

The resistance as a function of temperature,R(T), of the
2.5-mm-long film, at a thicknessd of 12.5 Å, is given in
Fig. 3. Inset~a! shows a Zabrodskii plot25 of the data, where
the function ln@2d(ln R)/d(ln T)# is plotted against lnT. If the
resistance is described by the hopping conduction form
R5R0exp@(T0 /T)a#, we expect a straight line in such a plo
The hopping exponenta would correspond to the slope o
the line. A least-squares line fit yielded a valuea50.49
60.07, consistent with VRH with Coulomb interactions.
fit of the data specifically to this form is given in inset~b!.
The localization length is estimated to bejL'80 Å, assum-
ing that the dielectric constant of the film is that of the su
strate. Similar fits to simple activated behavior (a51) and
noninteracting VRH conduction (a51/3,1/4) were unsatis
factory. The temperature dependence of the conductivity
the slow voltage response indicate that these films can

FIG. 2. I -V characteristic for a 12.5-Å-thick film. The voltage
given are the limiting values, with the zero current bias volta
subtracted for each current. The temperatures are 0.60 K, 0.8
0.90 K, 1.20 K, 1.40 K, 1.80 K, 2.00 K, 2.20 K, 2.40 K, 2.80 K, an
4.00 K. The first fully linear curve was found atT'2.2 K. All
resistance measurements taken deep in the insulating regime
made using a120 pA current bias.
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characterized as being in an electron glass state.
As indicated in Fig. 3, inset~b!, the resistance deviate

from VRH ~with interactions! at low temperature. The tem
perature at which the deviation began was close to the t
perature at which theI -V characteristic exhibited asymmetr
and nonlinear behavior. In thinner films, the temperat
above which VRH was observed increased, with the re
tance deviation persisting to increasingly higher tempe
tures. In the thinnest films, standard hopping conduction w
no longer observed within the temperature range studi
(,10 K). In addition, a nonlinear and asymmetricI -V char-
acteristic was present over the whole temperature range

Remarkably, in these thinnest films, the low-temperat
deviation developed into a positive temperature coefficien
resistance, i.e.,dR/dT.0. Figures 4~a!–~d! shows theR(T)
of films in this regime in detail. The positivedR/dT did not
extend down toT50, but instead reached a resistance mi
mum and recovered insulating behavior in the limit of ze
temperature. The resistance at intermediate temperat
showed an almost linear temperature dependence. In
trast, the low-temperature insulating behavior was found
rise dramatically with decreasing temperature. The prec
temperature dependences in these two regimes were diffi
to determine due to the small temperature range available
data fitting. The features seen in theR(T) were independen
of the polarity of the current bias, with the minimum an
positive dR/dT having the same relative magnitudes f
negative and positive current bias measurements.

An examination of behavior in films of different thick
nesses revealed that the positivedR/dT persisted to higher
temperatures with increasing disorder, as seen in Figs. 4~a!–
~d!. In contrast, the resistance minimum occurred
T'2.5–3 K, for all films which exhibited a positivedR/dT,

e
K,

ere

FIG. 3. Resistance as a function of temperature,R(T) for a
12.5-Å-thick film, using a120 pA current bias. A Zabrodskii plo
of the data, shown in inset~a!, indicates that a hopping conductio
exponent ofa51/2 best describes the resistance at higher temp
tures. This dependence is best seen on a semilogarithmic plot o
R vs AT as given in inset~b!.The solid line is a fit to VRH with
Coulomb interactions.The resistance deviates from this behavio
temperatures less thanT'2.2 K.
6-3
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M. M. ROSARIO AND Y. LIU PHYSICAL REVIEW B 65 094506
regardless of film thickness. This feature disappeared ad
512.0 Å.

The evolution of the film resistance with respect to fi
thickness is shown in Fig. 5. Ford>12.0 Å, a striking de-
parture from the behavior of the thinnest films was seen
the resistance characteristic. Although a nonlinear and as
metric I -V characteristic was still observed at the lowe
temperatures, a resistance minimum was no longer fou
The films exhibited an insulating character over the wh
temperature range (T,8 K). For films withd.12.5 Å, the
I -V curves displayed Ohmic behavior over the whole te
perature (T,8 K) and current range (I ,100 pA). As more
material was added the resistance was observed to en
region where the resistance could not be fitted to any th
retically predicted dependence.

As the film was made thicker, familiar behavior for gran
lar ultrathin films of superconducting metals, including
S-I transition was found, similar to what has been previou
observed.26 On the insulating side of the transition, the res
tance displayed hopping conduction characteristics at hig
temperatures, but leveled off at low temperatures. T
leveling-off phenomenon has been widely observed in ul
thin insulating films.26,27 Further increases in thickness lea
to a weakly localized regime where the resistance follow
ln T dependence.

The kink in theR(T), below which a more rapid rise in
resistance was seen, has been attributed to the opening o
superconducting energy gap in individual grains at a tra
tion temperatureTco.28 As a result, the activation energy fo
single electron hops between grains is the sum of the ch
ing and the superconducting pairing energy.28–30 As more
material was deposited, the kink developed into a resista

FIG. 4. R(T) for film thicknesses of~a! 10.0 Å,~b! 10.5 Å,~c!
11.0 Å, and ~d! 11.5 Å. The observed minimum and positiv
dR/dT were also present in negative current bias measureme
with the same relative magnitudes as those presented here for
tive current bias. The lines are a guide to the eye.
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minimum, a well-known phenomenon of quasireentra
superconductivity.28,31 In this case, although individua
grains become superconducting with zero resistance w
causes a resistance drop atT5Tco, the phases of these grain
do not establish long-range coherence.32 Quantum fluctua-
tions drive the film insulating at lower temperatures.33 The
observed reentrant behavior, which has become the hallm
for granular superconducting films, indicates that the Bi film
prepared in the present study were granular as well.

As seen in Fig. 5, the evolution of the resistance a
function of film thickness is remarkably systematic: in t
thinnest films, the positive temperature coefficient of res
tance becomes less distinct in relatively thicker films; at
termediate thicknesses the films develop standard VRH
havior at higher temperatures, as well as with increas
thickness; finally, further increases in film thickness result
an S-I transition, consistent with previous studies. Qual
tively similar behavior was also observed in studies of
35-mm-long film.

It is important to examine the issue concerning the con
resistanceRc between Bi and the Au contacts. Values ofRc
were determined from the scaling relationR5rL 1Rc ,

ts,
si-

FIG. 5. Thickness dependence ofR(T) for the 2.5-mm-long
film. The dashed line denotes the temperature at which resist
minima were found in the high-disorder limit. This temperature
close toTco near the S-I transition.
6-4
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ELECTRICAL TRANSPORT STUDIES OF QUENCH . . . PHYSICAL REVIEW B65 094506
whereR is the measured resistance,r is the film resistance
per unit length, andL is the film length.Rc can be inferred
from the resistances of films with different lengths when
above equation is satisfied. Table I gives a comparison
resistances of the codeposited 2.5-mm- and 35-mm-long
films, and values ofRc at T58 K.

Films thinner than 11.0 Å have contact resistances
nificantly smaller than the film resistance. For films thick
than 15.5 Å,Rc was found to be a significant fraction of th
film resistance. However, as noted above, the behavior
strikingly similar to what was previously observed in th
system using a four-point configuration, indicating that t
measurement reflects the films’ intrinsic properties des
the relatively largeRc . Finally, films of intermediate thick-
nesses were found to not scale, and a value for the con
resistance could not determined; this issue will be discus
in the following section.

As Rc is primarily determined by the tunnel barrie
present at the interface of Au and Bi, and by the DOS of
Au and Bi films, respectively,Rc can be temperature depe
dent. Owing to the extremely long saturation time presen
low temperatures, a systematic study of the temperature
pendence ofRc was not attempted. However, simple physic
argument suggests that the measurements reflect the
intrinsic properties. In the relatively thick films, the intrins
nature was seen despite the largeRc . This is only possible if
the contact resistance was temperature independent. Fu
more,Rc in this region did not have a significant thickne
dependence. Since the Au contacts and interface is the s
for a set of films grown by sequential deposition, this su
gests that any thickness or temperature dependence inRc is
due to the Bi film itself, likely its DOS. The systematic b
havior of the resistance as a function of thickness and t
perature further suggests that the features observed in
thinnest films reflects the films intrinsic properties.

TABLE I. Contact resistanceRc at various film thicknesses. Re
sistance values of the coevaporated 35mm (Rlong) and 2.5 mm
(Rshort) films were compared atT58 K. For films of thickness
11.0 Å,d,15.5 Å, the film resistances were found to not sc
and a value of theRc could not be determined.

d(Å) Rlong(V) Rshort(V) Rc(V)

9.5 2.5060.0531011 2.0060.0531010 2.360.93109

11.0 3.7060.0531010 2.760.13109 9663107

12.0 1.3660.0531010 8.460.13107

12.5 5.860.13109 7.060.53106

13.0 9.860.23108 5.260.13105

14.0 5.6060.053106 2.3560.053104

14.5 5.860.53105 1.460.13104

15.5 2.360.23105 6.660.13104

17.5 2.9160.053104 2.5960.053103 5.460.93102

20.5 1.8060.033103 7.0060.023102 6.160.23102

22.5 9.7360.053102 4.1760.053102 3.7460.063102
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IV. AMORPHOUS TO GRANULAR STRUCTURAL
TRANSITION

The intriguing crossover of the resistance characteri
with respect to film thickness observed around 12.0–14.0
in quench condensed Bi films has raised the question c
cerning its physical origin. Below we argue that this cros
over may be related to film growth models advanced byin
situ Raman studies on quench condensed Bi~Ref. 21! and
STM results obtained on quench condensed Au and Pb fi
~Ref. 20!.

The abrupt disappearance of the resistance minimum
the thinnest films, which marked a qualitative change in
resistance characteristic, appears to point to a scenario s
lar to the avalanche model proposed to explain thein situ
STM observations. Figure 6 shows the sheet resistance,Rh ,
at T58 K for the entire set of films. Within the rang
11.5 Å,d,14.0 Å, Rh decreased particularly rapidl
with increasing thickness, indicating that the films underw
a qualitative change in this thickness range.

The behavior seen in Fig. 6 indicates the existence of
distinctly different regimes, with a rapid crossover regi
observed over a change in film thickness of only arou
2 Å. In these two regions, the thickness dependences ofRh

were similar, exhibiting a relatively slow change with in
creasing thickness in comparison with the transition regi
though the values ofRh in the two limits (d,11.5 Å and
d.14.0 Å) differ by more than five orders of magnitud
Interestingly, att513.0 Å, a thickness corresponding to th
middle of the transition region, the film resistance does
follow any theoretically predicted dependence and, inste
appears as a boundary between the high-resistance and
resistance regions. The significant difference in magnitude
the resistivity, the sharp transition, as well as the disti
difference in character between the two regimes may be
plained by a change in the film’s structure as the thicknes
increased.

Such a change is further supported by the lack of sca

FIG. 6. Semi-logarithmic plot of the sheet resistanceRh at T
58 K as a function of film thickness. The inset shows a propo
phase diagram for the amorphous to granular structural transitio
quench condensed Bi films at the initial stage of film growth.
6-5
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M. M. ROSARIO AND Y. LIU PHYSICAL REVIEW B 65 094506
between the 2.5-mm- and 35-mm-long films in and near the
transition region~see Table I!. As the films undergo the tran
sition, a characteristic length determines the films behav
Films whose size is larger than this length should sc
whereas those smaller should not. The rapidly changing
sistance found in this thickness range suggests that
length is strongly thickness dependent. As the films mo
farther into the low-resistance region, they were again fou
to scale, indicating the end of the transition and the em
gence of a stable film structure.

Within this structural transition scenario, the film deve
ops from a uniform to granular film at a critical thickne
d'11.5 Å. Assuming that the resistance in the granular fi
after the transition was dominated by intergrain electron h
ping, further material depositions serve to decrease the
nel barrier strength between grains, increasing the condu
ity. Therefore, the resistance of the films would depend
thickness more sensitively in just-formed granular films a
is less sensitive in the relatively thicker films after a path
grains across the film is already established, consistent
experimental observation.

In addition, within each individual grain, a local amo
phous to crystalline structural transformation occurs, sim
to that observed inin situ Raman-scattering measurements
Bi films deposited at 110 K. In that study, the transition fro
an amorphous, disordered structure to a rhombohedral p
was found between 7.0 Å and 8.5 Å. The presence of s
crystallinelike grains is supported by an observedTco of 2.5–
3.0 K near the S-I transition. Similar values ofTco were
found in nanocrystalline Bi clusters.34 However, given the
lower deposition temperatures used in the present study
therefore, the lower thermal energy available for Bi ato
diffusion, a larger critical thickness for the local amorpho
to crystalline transition (d'11.5 Å) would be natural. Fur
thermore, the local transition in the present films could
incomplete for the same reason, resulting in grains that
between amorphous and crystalline in nature. We refer to
phase as quasicrytalline. The thickness dependence ofTco,
i.e., thatTco increases with increasing thickness to a ma
mum value of 6.5 K, provides further support that the gra
after the structural transition retain a substantially amorph
character.

The proposed phase diagram for this transition is sho
in the inset of Fig. 6. As temperature increases, an additio
previously studied transition to a nanocrystalline phase2 is
expected~not indicated in the schematic!.

V. POSSIBLE DROPLET FORMATION IN THE
ELECTRON GLASS

Another question raised by the present work is the na
of the electrical transport properties of the amorphous fi
found at the initial stage of film growth. It is remarkable th
the temperature at which the resistance starts to rise in t
films coincides with theTco of the locally superconducting
granular films near the S-I transition, as seen in Fig. 5. T
observation can be understood if we assume that in the t
nest films, which should be homogeneously disordered o
a large area, there may be locally superconducting reg
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~superconducting droplets!. The resistance increase at lo
temperature would then be related to the opening of the
ergy gap in the superconducting droplets, similar to
granular superconducting film. The question is whether th
droplets could indeed form in these strongly insulating film

We note that a droplet state was proposed in a theore
study on the 2D interacting, but highly mobile, electro
system.36 Motivated by the recent observations of the 2
M-I transition,37 it was suggested that such a system is u
stable against phase separation into a high-density Ferm
~‘‘liquid’’ phase! and a low-density insulating Wigner crysta
~‘‘gas’’ phase!. The formation of a two-phase coexisten
region, a droplet state, was shown to be favored by incre
ing potential disorder. Similarly, droplets might have beg
to form in these amorphous films at a characteristic temp
ture, growing in size as temperature decreases. The r
tance is determined by single electron hops between drop
As the distance between droplets decrease with decrea
temperature, as does the resistance. This results in the
served deviation from VRH as well as the positivedR/dT.

The formation of these droplets minimizes the Coulom
repulsion energy of the system in order to be stable. Ho
ever, the entropy of the system decreases as a result. At lo
temperatures, the energy change is likely sufficient to co
pensate for the loss of entropy. At higher temperatures,
entropy term becomes more important and droplet forma
may be less favored, resulting in a gas~uniform electron
glass! state with insulating behavior, consistent with th
thickness dependence of the onset of the positivedR/dT.

This picture also qualitatively accounts for the asymme
in the I -V characteristic. Nucleation sites for the droplets a
highly dependent on the potential disorder landscape pre
in the system, which is, in turn, dependent on the appl
electric field. Taking into account that the films’ left and rig
interfaces are not identical, the effective applied field ne
not be symmetric with respect to field direction. It follow
that the spatial distribution of nucleation sites are unide
cal, and the lowest resistance path is not expected to be
same for different field polarities.

The formation of such droplets may be natural if we co
sider the one-to-one correspondence of the Coulomb glas
the Ising spin glass. A phenomenological scaling theory
the ordered phase of short-range Ising spin glasses was
veloped in terms of droplet excitations.35 In this model, low-
lying droplet excitations, consisting of connected clusters
spins reversed from the ground state, dominate the physic
the spin glass. A similar phenomena would not be un
pected in the electron glass.

VI. SUMMARY

We have measured the electrical transport properties
quench condensed Bi films deep in the insulating regi
which has never been explored prior to the present wo
Unexpected behavior was seen in the thinnest films. Th
anomalies, specifically, a state characterized by a pos
dR/dT, accompanied by a nonlinear and asymmetricI -V
characteristic, were present only in the initial stage of fi
growth. As more material is deposited, this unconventio
6-6
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state abruptly disappears. After a transition regime, the fi
were found to undergo an S-I transition observed previou

The evolution of the transport properties with respect
film thickness at the initial stage of film growth is attribute
to an amorphous to granular structural transition in th
thinnest quench condensed Bi films. The positivedR/dT
found in the amorphous, precursor layers were propose
result from the formation of high-electron-density drople
within the insulating electron glass background. Though t
model can qualitatively account for the features seen in
,

m

,

N.

p,

.

09450
s
y.
o

e

to

is
e

conduction, the nature of the amorphous precursor ph
needs to be further studied, both experimentally and theo
cally.
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