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Anomalous Field Effect in Ultrathin Films of Metals
near the Superconductor-Insulator Transition
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A field effect conductance modulation experiment has been performed on a series of nominally
homogeneous ultrathin films of metals. The thicknesses of the films were varied over a range such
that their properties traversed the insulator-to-superconductor transition. At low gate vdliadks
conductanceG (V) increased with either polarity for films on the insulating side of the transition
and decreased at temperatures in the transition region for films which were just thick enough to be
superconducting. A qualitative interpretation of these results suggests the consideration of Cooper
pairing even for insulating films. [S0031-9007(97)02374-0]

PACS numbers: 74.40.+k, 73.40.Rw, 73.50.—h

The superconductor-insulator (S-1) transition in ultrathinhomogeneous [7]. The quartz crystal monitor used to
films of metals, either as a consequence of disorder [1] odetermine nominal film thickness was calibrated using
applied magnetic field [2], has been described by the bosoRutherford backscattering spectroscopy. Resistance was
Hubbard model and its variants which highlight the role ofmeasured using standard four-probe techniques with films
order parameter phase fluctuations [3]. In this approactgurrent biased at values less than 50 nA. Current-voltage
the superconducting state is considered to be a Cooper paharacteristics were linear up to currents at least 3 times
condensate with localized vortices, and the insulating statthis value. Modulation of the conductance using the field
is a vortex condensate with localized Cooper pairs. The iseffect was accomplished by biasing the film relative to
sue of the relevance of this theory to experiment has beea 150 A thick platinum metal gate on the back side of
challenged by tunneling investigations which have beernhe substrate. Single crystals of SrEi@ere chosen as
interpreted as evidence that S-1 transitions are dominateslibstrates because of their high dielectric constant at low
by order parameter amplitude fluctuations. Because theemperaturess ~ 20000) below 10 K [8]. This allowed
boson Hubbard model implies that there are Cooper pairgs to induce a substantial charge at relatively low gate
even on the insulating side of the transition, it is of interestoltages even with a relatively thick substrate serving
to study the insulating state and the S-I transition in otheas the dielectric. These substrates, studied in detail for
ways, going beyond conductance and tunneling measurether reasons [9], were not ferroelectric, and their elec-
ments, to determine whether there is evidence of behavidrostrictive response was on the order of parts per million
different from the usual picture of a strongly localized dis-over the range of temperatures and electric fields used
ordered system. This has been done through investigatioteere. Their impurity concentrations, as determined by
of the thickness and temperature dependence of the fiettie supplier, Princeton Scientific, were in ppm: Na2,
effect modulation of the conductance [5] of incrementallyK = 2, Si < 2, Ca= 14, Fe < 22, and Ba= 19.
quench-deposited films of metal above and below the S-1 We first consider the electrical conductance, its tempera-
transition. In this Letter we describe our findings whichture dependence, and its modulation by a gate voltage
suggest the existence of a symmetry between the insulatirfgr insulating films. Although we have not presented a
and superconducting states implying that insulating filmgraph, the temperature dependence of the conductance of
may be other than Coulomb glasses [6] of interacting loinsulating films could be fit by
calized electrons. . ;

Investigations were carried out on ultrathin films of Bi G = Goexp—[To/TT"). (1)
or Pb ranging in thickness from 3 to 20 A, formed onwith « = 0.75 + 0.05. Zabrodskii plots of the data for
a 10 A thick predeposited layer @i-Ge, with all films various films confirmed that the exponents determined by
being grownin situ under UHV conditions(~1071° to  fitting were not artifacts [10]. It wasotpossible to obtain
1077 Torr) onto single-crystal SrTiQ (100) substrates satisfactory fits witha = % or % appropriate to variable
which were 0.75 mm thick. Substrate temperaturesange hopping in two dimensions with [11] and without
during all depositions were held at 9 K, and UHV con-[12] Coulomb effects, even including a pre-exponential
ditions were sustained over an extended period so thdactor which was a power law ifi. For films which were
sequential depositions to increase the film thickness couldlose to being metallic, the data crossed over toZafiorm.
be carried out without contamination. It has been found Higher resistance films exhibited glasslike behavior at
that films prepared in such a manner become continuousw temperatures. There appeared to be no sharp bound-
at an average metal thickness on the order of one monay in either temperature or sheet resistance separating
layer and, because of this, are generally considered to éms which were glasslike from those which were not.
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Because of memory effects in films exhibiting glassliketo high temperatures, or by repeated tracings¢¥) at
behavior, care was need to obtain reproducible data fdixed temperature over an extended period of time. Also,
G(Vg). Detailed results depended on the manner in whictonce a scan of; (V) was carried out at a particular tem-
data were obtained. For example, the increase in corperature, it could only be reproduced by warming to 25 K
ductance at a given gate voltage was slightly smaller ifand, after a short wait, cooling back down with zero gate
Vi was varied continuously at fixed temperature than ifvoltage. All of these effects involved time scales which
stepped changes were made W, such as from zero were large in comparison with any RC time constant of
to a particular value, with the film warmed to 25 K, and the system, and there were no similar phenomena in the
cooled back to the original temperature between each stepehavior of the substrates [9].
Figure 1 shows sets of curves &lG/G(0) = [G(Vg) — The increase of the conductance in response to gate volt-
G(0)]/G(0) obtained by scannin; at fixed tempera- age of either sign observed here has been found in stud-
turesT for a Pb film with a sheet resistance of 4Qlkat ies of discontinuous Au [13] and In-J@; films [14], with
T = 24 K. An increase of the conductance as a functionglasslike behavior also reported for the latter. The films in
of gate voltage of either polarity was always observed irthose investigations were about 200 A thick and had very
nonsuperconducting films. high sheet resistances on the order é1 Gvhereas in the
There were additional manifestations of glasslike bepresent work films had thicknesses of less than 10 A, with
havior. The conductance change after the application of aheet resistances ranging from hundreds(dfdown to the
voltage step to the gate was time dependent. After an inierder of 3 K). In our measurement8G/G(0) the frac-
tial rapid increase and deca(V) relaxed with a loga- tional change in conductance at fixed charge transfer var-
rithmic dependence on time over periods which persisteéed asl/T for films in the insulating regime [15], whereas
for at least one day, the maximum measurement intervathe measurements on Au films of Ref. [13] exhibited an
The coefficient of the logarithm became larger as the temexponentially activated form. The work on,®y films
perature decreased. Another effect was the fact that tHd4] did not contain data on the temperature dependence
minimum in G(V¢) found atV; = 0 could be pinned ata of AG/G(0). Our investigations were limited to tempera-
finite voltage. If a film were cooled down from 25 K with tures below 25 K, since warming further would cause ir-
Vs # 0, andG(Vs) measured, then the minimum would reversible crystallization of the amorphous film.
shift to the value ofVs in which the film was cooled. We would further remark that the evidence of glasslike
This shift could be annealed away by subsequent warmingehavior in our work and that of Ref. [14] are similar to
studies of the low temperature ac dielectric response of
structural glasses to large dc electric fields [16] and of
o the response of the magnetic susceptibility in CuMn spin
0.16 F _ glasses to magnetic fields [17]. In these investigations
i memory and relaxation effects were found and there
L . ] were local minima in the ac dielectric and magnetic
. susceptibilities at zero electric or magnetic field which
012+ 7 B _ could be shifted to nonzero field by either cooling in that

=) - field or waiting for an extended period.

G L o | The changes in the magnitude and sign of the conduc-
~ L e, tance modulation as films became thick enough to achieve
= 008k a _ superconductivity can be seen in Fig. 2, which shows
e e, L R AG/G(0) as a function ofV; for a series of Pb films

o I A R ranging in thickness from 40 to 3.28Xk As thickness
o ) - A is increased and the S-I transition approached, the size
2 0.04 F N e - of the effect and the voltage at which the response satu-
o - o o rated both decreased, increasing once agaiA@gG(0)

] changed sign going through the transition. The next film
in the sequence was fully superconducting with a sharp
| transition. It exhibited a very tiny antisymmetric field ef-
fect in its normal state.

L The temperature dependenceAd? /G (0) for a Pb film

-40 -20 0 20 40 with Rg = 3.25 k{2, which is just on the superconducting
v side of the S-I transition, is shown in Fig. 3. Well
G above the transition temperature, where the temperature

- coefficient of resistance is slightly negative, there is a very
FIG. 1. Variation of AG/G(0) = [G(Vs) — G(0)]/G(0 p . : : ’
with gate voltageV; and terr{pe(rz;turéf[ f(()r?a) Pb filr‘rz]Cvitg )a small “symmetric” field effect in which the conductance

sheet resistance of 40kat 24 K. The temperatures from top increases with gate voltage. Very closeTig where the
to bottom are 2.3, 3, 5, 8, 12, and 24 K. resistance is essentially temperature independg(it;)
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020 T T T T T T T ] We suggest three possible qualitative explanations for
f s ] the behavior of the insulating films, all of which rely on
0151 ] the assertion that the addition of charge of either sign will
L . ] drive a film out of equilibrium [14]. We will not address
S oaof T — . effects such as the imperfect nature of the symmetry with
N ' kX S ] respect to the sign of the gate voltage, the saturation of the
S 005p 5 response at high gate voltages, and the glasslike behavior.
b ] The first explanation is that of Ben-Chorin and co-workers
>’ 000 . [14], who addressed the behavior of insulating 1505
& ] films. They argued that exciting an insulating system
-0.05F . away from equilibrium by charging with either electrons
¥ 1 or holes always increases its conductance, because it
ool e e allows sites which were either occupied or unoccupied in
-100 -50 0 50 100 equilibrium, and thus not participating in the transport, to
Ve contribute to the conductance which proceeds by variable-

FIG. 2. Dependence oAG/G(0) on V¢ for a series of Pb range hopping. In thls. approach Fhe behavior of |n_s!.llat|ng
films, with sheet resistances of 40, 25.34, 17.9, 11.31, 7.5, antims would have nothing to do with superconductivity.
3.25 k2, where R was measured at 24 K. The top curve In the second explanation we assume localized Cooper
shows the most resistive film, witl; decreasing for each pairs produced by fluctuations are present on the insulat-
subsequent curve. ing side of the S-I transition of a homogeneous film [18].
Superconducting regions would be the size of the coher-

®nce length in a manner similar to actual droplets or grains
the metal field effect [5]. As the resistance falls to zero. g P g

i th . ) q for either si ¢ in a granular material [19]. Electrical transport in such
In the transition re'glo.nG('VG) ecreases for either sign of system could involve thermal excitation and tunneling
Vg, in contrast with its increase for insulating films and

for thi icular fil hiah of quasiparticles between these regions. Driving a film
or this particular film at higher temperatures. out of equilibrium by charging would lead to suppression

of the order parameter and the local value of the energy
F i3l L ] gap and an increase in the conductance. With disorder
_“_\_i_f' %, - 1 on length scales on the order of one atomic spacing, one
B = might expect fluctuations to smear out the onset of super-
| conducting correlations, and effects attributable to such
correlations could persist to temperatures such as 25 K,
well in excess of the bulk transition temperature, as is
i observed.
- The third explanation of the data might involve a variant
1 of the boson Hubbard model [3,20] used to explain the S-I
transition. A generalization of this approachZc> 0 is
not yet available. The insulator is described in this picture
as a condensate of vortices with localized Cooper pairs.
For T > 0 one might expect that driving the system out
N of equilibrium by charging, as it diminishes the vortex
RN S e ] condensate and reduces the vortex response, would be
2 ] resistance reducing.
3 036 1 The fact that the injection of energetic quasiparticles
P / ] into a system weakens superconductivity is quite well
& D 1 known [21] and plays an important role in explanations
1 two and three of the insulating films. The response of
. films undergoing a superconducting transition would be
essentially independent of the model of the insulating
-100 -50 0 50 100 AN . L
v state. The injection of energetic quasiparticles would be
G conductance decreasing as it would reduce the energy gap
FIG. 3. Variation ofAG/G(0) with temperature for a Pb film and lower the transition temperature. In the case of the
with Ro = 3.25 k() at 24 K. The temperature decreases fromposon Hubbard model, for the superconducting side of
top to bottom. Curves A through D correspond to data obtainegp,q transition, the weakening of the electron pair con-

at 18, 8, 4, and 3.0 K, respectively. Data obtained at otheEi te th h the additi f i inarticl
(lower) temperatures have been omitted for clarity. Shown ind€nsate through the aadition ol energetic quasiparticies

the inset is a plot oRy vs T on which the approximate position Might be thought of as increasing the vortex response,
of curves A through D are indicated. which would be conductance decreasing. A symmetric
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