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Possible robust insulator-superconductor transition on solid inert gas and other substrates
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We present observations of the insulator-superconductor transition in ultrathin films of Bi on amorphous
quartz, quartz coated with Ge, and solid xenon condensed on quartz. The relative permgataifityes from
1.5 for Xe to 15 for Ge. Though we find screening effects as expected,-$r&ansition is robust, and
unmodified by the substrate. The resistance separatrix is found to be clode@nd the crossover thickness
close to 25 A for all substrate$-V studies and Aslamazov-Larkin analyses indicate superconductivity is
inhomogeneous. The transition can be understood in terms of a percolation model.

DOI: 10.1103/PhysRevB.63.104502 PACS nunfber74.40+k, 74.80.Bj, 73.50-h

The insulator-superconductort -§) transition has been whered is the screening distandéhe distance between the
extensively investigated over the last decade, in a variety amidplane of the film and the midplane of the underlaysrd
systems such as thin filni$, single Josephson junctiods, r the separation between the charges in the film. If the sepa-
arrays? and one-dimensional wirésValues of limiting re-  ration of two charges is small compared with the distance
sistance close to the quantum resistance for pairs in ondsetween a charge and its imagedj2the underlayer makes
dimensional wiresand two-dimensional nominally homoge- little difference, and the interaction remains monopolar. At
neous ultrathin filmsare reported. Differing values of the large distances, however the charge and its image behave as
limiting resistance at the transition have been obséried a dipole and interaction falls off more rapidly with distance.
different systems, and attributed to structure, i.e., homogeFor the films studied here,d2would be close to the film
neous and granular films are expected to behave differentlyhickness. Although screening by charge carriers in the film

A phase-only picture, first proposed by Ramakristinanis considered in the usual BCS treatment, the relative perme-
and further elaborated by FisHdras been considered appro- ability for a highly disordered film is unknow!. It is ex-
priate for such systems. A scaling theory of th8 transition  pected to lie between the metallic and insulating limits of
has been developddThis theory predicts that the critical €,=~% ande,=10. This issue becomes important in th&
resistance will be universal, i.e. independent of all micro-transition region.U(q), the term in the BCS interaction
scopic details, if the system is invariant under the inter-Hamiltonian becomes
change of the roles of charge and flux. Thus ltF@ transi-
tion may be self-dudl. The precise value of the critical d1e
resistance appears to depend on the nature of the interaction U(a)= m 2
between charges, being equalitle? only when the inter- s
action is logarithmic in the separation, one of the conditionsvherek is the inverse screening length. In principle a film
which must exist for self-duality. The interaction betweenwith a transition temperaturd 6 K definesR,. As we show,
charges can be logarithmic in their separation if the two-screening influences the transition temperature of supercon-
dimensional(2D) films have a sufficiently high dielectric ducting films, and the normal state resistance of all films.
constant This condition may be met for semiconductor and Therefore it should affect the:S transition.
semimetal films. It has also been proposed that th& transition in the

This has to be reconciled with experimental observationslimit T=0 is a combined effect of pairing and localization in
which show that superconductivity in ultrathin films can be2D systems! Experiments have refuted this conjectdffe.
enhanced by the proximity of a metal or dielectricThis is ~ How disorder, cluster size, and the Coulomb interaction in-
attributed to partial screening of the Coulomb interaction befluence the behavior of Cooper pairs is still not very clear. It
tween conduction electrons in the films. Screening also afhas been conjectured that the Coulomb interaction may not
fects the properties of insulating films, by changing the lo-influence the critical normal state sheet resistdiddow-
calization length>'® Glover studied the effect of the ever, this is refuted by observations of thiel transition in
substrate dielectric constant on transition temperature of thigjlicon MOSFETS and other systems in zero magnetic
films, over thirty years ago, inconclusively. Ge or Sb hasfield.!° It has been shown that interactions may increase or
been extensively used as underlayers in ultrathin filmdecrease the conductance of a disordered 2D electron
studies>***°A natural question arises at this point about thesystem—weak interactions increase the dc conductance in

2

effect of the substrate/underlayer on 1h& transition. the localized regime while they decrease the conductance in
For a film on a underlayer, the general expression for thehe diffusive regimé® Strong interactions were always
interaction potential between charges in the film is found to decrease the conductance. These considerations mo-
tivated our experiments.
o2 1 1 In sgperqonductors, Coulomb interactio_ns suppress the
U(r=-—— ( = _—) , (1)  fluctuations in the number of electrons, and increase the fluc-
Amege \ I \r2+4d? tuations of the phase of the superconducting order parameter.

0163-1829/2001/630)/1045025)/$15.00 63 104502-1 ©2001 The American Physical Society



K. DAS GUPTAet al. PHYSICAL REVIEW B 63 104502

This affects the Josephson coupling eneligyin inhomoge- " Bion Ge
neous systems, where the competition between the charging
energyEc and E; drives the transition® Typical systems 107 L \ de 144
exhibiting such behavior are granular films, and junction ar- ™~ T~
rays. E; may be estimated using the Ambegaokar-Baratoff _ 100 L \,,.,M_ **\\:f:‘“*
equationE;= whA/4e’Ry, whereA is the BCS gap for Bi, e . \»«“_ﬂ\k:;::w\__‘_::
Ry is the normal state resistance of the filBz can be g 10 o D —
estimated a& = q%/4meokd wherex= ¢,(d/2s+1), where Z 10* | A ———
€, is the relative permeability of the substradds the size of é v
the grains/clusters, anslis the spacing. Sinc®y, and k 8 10° ¢ /
depend on the substrate/underlayer, one expects $hean- @ 10? ; %
sition to occur at differenRy on different substrates. Since 2NN { d=85A
the effects of disorder, cluster size, and interactions on Coo- 10" lf i | { [“(
per pairs are unclear, exlpicit predictions Rf; for the I-S . f } I 1 il

10 :

transition on various substrates cannot be made.

In this work, we report studies of theS transition in
guench condensed Bismuth films, as a function of disorder (@) TX)
(or film thicknes$ on a variety of substrates—amorphous Bi on quartz
quartz, quartz coated with Ge, and solid xenon condensed on 10° =g
quartz. The relative permeability; ranges from 1.5 for Xe o L
to 15 for Ge. Despite screening effects k& transition is "~ o
robust. Studies on other substrates such as single crystal sap- 108 [
phire, and sapphire coated with Ge, Xe yield similar results.
The experiments were done in a custom UHV cryostat
equipped with reflection electron diffracticRHEED), ca-
pable of a hydrocarbon free vacuum ef5x 10 1° Torr,
described elsewhefé.The Ge underlayers were deposited
on the substrates in a separate UHV system at room tempera-
ture. The Xe underlayers were grownsitu. Our experimen- 10°
tal setup resembles that of Refs. 1 and 2, although we cannot
attain such low temperatures. We quench condense our ultra-
thin films in the temperature range 1.8 K to 15 K. The sub- 10°
strate temperature influences the disorder in the film, and 6 3 10
thereby its properties. Here we report resul_t_s on films thqt ) T (K)
were quench condensed at 15 K, which facilitates compari-
son with published resulfs. Bi on Xe

RHEED studies show that the Bi is almost amorphous. It 10° \
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is difficult to unambiguously distinguish between amorphous
and nanocrystalline at such low temperatures, on poorly con- ~ \\ .
ducting films due to charging effects. Based on the Scherer 10° - \ "’%—»&\\Q\“ 104
formula for the peak broadening, we estimate that films
thicker than 10 A are composed of clusters that vary in size
from 25 A to 100 A?! Since the information obtained is in
reciprocal space, it is difficult to comment on the real space
surface morphology. Our RHEED observations are consis-
tent with previous result§ Superconductivity in granular :
systems of rhombohedral Bi clusters has also been 10° Pl d=T4A
L
|

10*

Sheet Resistance (Q)

reported®

Figure 1 shows the evolution of the temperature depen- | f
dence of the sheet resistarR€T) with thickness for(a) Bi
films on Ge(10 A thick), which has been deposited on amor-
phous quartz(b) Bi films on quartz, andc) Bi films on solid (©) TK)
xenon condensed on amorphous quartz. A transition from
insulating type behavior, to superconducting behavior as the
thickness of the films is increased is clear. This type of zero
field transition is considered a zero temperature quantum FIG. 1. Evolution ofR5 vs T of Bi on (a) 10 A Ge on amor-
phase transition, controlled either by disorder, carrier conphous quartb) bare quartz andc) solid Xe condensed on amor-
centration, or thickness. The normal state resistance at grhous quartz. The substrate temperature during deposition in all
arbitrarily high temperaturBy has traditionally been used to cases was maintained at 15 K.
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. . . the fluctuations as a function of film thickness. It asymptoticall
FIG. 2. Plots of resistance vs thickness at different temperature. ymp y

showing the crossover thickness of about 26 A for Bi films on Ge.gpproaches the Aslamazov-Larkin value.

The crossover occurs within3 A of this value for all substrates. The form of theR(T) for these films may lead us to the
rametrize the transition. althouah it mav be weakly t rn_conclusion that these films are nominally homogeneous.

parametrize the transition, afthoug ay be weakly 1eM-g,,cjy a conclusion is incorrect as we show below. Although

. . J ransitiairyy studies of surface morpholo@yreport that even at
temperature, and becomes ill defined aslti®@transition is -,/ coverage the films are not conducting, hence no evi-

a}pproached. The value of the normal state' resstanpe of &ence for percolative behavior, we find that superconductiv-
f'lm on th_e boundary between superconduc_tlng and msulatﬁ in our films is indeed percolative in natuféAslamazov
ing behavior has been referred to as the resistance separatr d Larkirf’ considered the possibility of fluctuations caus-

and has been denoted Ry.2*° We obtainR, as an alge- ) e
. : ; . ing superconductivity. The total conductivity is given
braic average of the sheet resistances of the last msulatlngg P y yisg by

i - = oyt ooy, Whereoy is the normal state dc conductivity,
apd the first superconductmg films, measuzred ata reIaUveIgnd o' the paraconductivity. Its temperature dependance is
high temperatureilo K). RO. 'S _clo_se toh/4e” for all thr(_ae similar to that of the magnetic susceptibility BT, . They
sets of data. This observation indicates that the valu®,a$ erived the result
substrate independent, and possibly experiment independegt.
The transition temperature for a film of a given thickness
is higher on substrates of higher relative permeability, and 16 - 4
the normal state resistance is also higher. A 65 A film on Xe, on 16 7 7
quartz and Ge has.’s of 3.8, 4.2, and 4.42 K, respectively. where RY is the normal state sheet resistaneg=1.52
These results are consistent with published dat@his  x10-5 RY, and r=(T—T,)/T, is the width factor.T, is
shows that the conductance of a disordered film depends Qe mean field transition temperaturg/RY is a constant
interplay between interaction and disord®we caution that (ga =€/16%) for all materials. We Dhave evaluated
since our experiments are limited to 1.8 K, we cannot ruIeTlé'N (Qex) for various films. A systematic dependence of
out the possibility that a film which appears to be the last. - f]x hicknessl is sh i Fio. 3. Thi
film on the insulating side, may, at lower temperature turn3e*®. on the thicknessl Is shown in Fig. 3. This parameter
olut to be supercondgctiril@;A plgt’of conductancpe vs thick- deviates fromg,, for thinner films. It approaches the AL
nisshat di;‘]ferent tempere;turl?ls gives the croisczjvehr thicknest\%?élé?y%’?é)diitsgthe:tg'i(?glel";’"'rrr]]greiﬁzigég dl:natlsosfunr]r:src:}that
which is shown in Fig. 2 for films on Xe. We find the cross- exp '
over thickness to be between 25 to 28 A for all substrates.ztl;gf;zrci' feOtgn?%nnZ;%allstsaz anguﬁgtangif?;\,snptﬂ;con_
The insulating films follow a behavior that is consistent P P Pe.

with the results reportetf. We find that the conductivities of as the microstructure deviates from a “uniform rectangular

’ 2 N
O € RD_ To

all our insulating Bi films, on all substrates to be sl_ab, Yexp e.xceeds the AL value. The. thmner the film,
higher the disorder, larger are the deviations from a slab
o(T) = ogexfd — (AIT)X], 3) geometry, and larger the deviat_i(_)nggxpfr(_)m the AL value.
Hence, films close to the transition are inhomogeneous.
wherex changes with film thickness. For the thinnest films, Further evidence is in the form of hysteretid/ curves,

is close to 0.75, due to collective hoppifftAs the thickness shown in Fig. 4. These curves can be understood in terms of
is further increasedx reduces to 0.5, the Efros-Shklovskii a resistively and capacitively shunted random Josephson
form,2> which describes hopping modified by Coulomb in- junction array model. These-V’s have been discussed in
teractions, and finally for the thickest insulating filmss  detalil in a separate publicatidh The physical picture is of
close to 0.33, the Mott valu. superconducting islands connected by thin regions of normal
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FIG. 4. 1-V of the superconducting films on quartz. The hyster- FIG. 5. Fits of the conductance of the insulating filtesken at _
esis loops show the dissipation due to resistances shunting the junt0 K) and the normal state conductance of the superconducting

tions of the random Josephson junction array. The first film is 40 A films (also taken at 10 Kto 2D percolation function, for Bi films on
and the thickness increment is 10 A. Ge. Only the critical thicknes in each regime is different, as dis-

cussed in the text.

metal, which act as the weak links between the islands, thus
forming a randomdJ array. The distribution of grain/cluster, posed by Meif> to explain theM-I transition in 2D systems
each with a finite number of electrons, requires a filite iS most appropriate and merits investigation. Meir suggested
BCS treatment. This results in a spreadTip,*® so that at the following physical picture for th#-I transition in 2D—
some temperature all regions of the film are not superconpotential fluctuations due to disorder define density puddles
ducting. Normal regions exist, and act as weak links. Areabf sizel , or larger, within which the electron wave function
maps of quasiparticle conductance or superconducting ordeotally dephases. Locally between these puddles, transport is
parameter amplitude can resolve such regions. via quantum tunneling. Support for this idea comes from fits
Feige'man and Larkitt and Spivaket al®* have dis- of the conductance at a high temperat(&8 K) for the in-
cussed the quantum superconductor-metal transition in a 2Bulating films which follows a power law, with an exponent
proximity coupled array. Thickness larger than the coherencef 1.33 characteristic of 2D percolation, as shown in Fig. 5.
length was considered by the former, with the opposite exAs an interesting observation, we also show that the super-
treme analyzed by the latter. They predict intervention of aconducting films also fit this same power law, albeit with a
normal phase. Limitations on the accessible temperaturedifferent critical thickness. The critical thickness for the in-
prevent our study confirming this. From ti&.,(T) curve, sulating films is the thickness for onset of electrical conduc-
we have determined the coherence leng$ {o be close to  tion. We have no explanation as to why the critical thickness
the film thickness. This regime merits further theoreticalfor normal state conduction depends on whether or not the
study. We have evaluated the localization lengt&$,(and  film superconducts at lower temperature, but present this as
we find that at theé-S transition, &> &, consistent with the an interesting observation. Keeping in mind the model dis-
results of Ref. 18. cussed above, it is logical to associate the puddles with su-
The effect of strong disorder on the superconducting ordeperconducting regions and the quantum point contacts with
parameter amplitude has been investigated within théhe normal regions. The competition between EreandE;
Bogoliubov—de Gennes framewoik®* The local pairing probably drives the transition. However, it is intriguing
amplitude develops a broad distribution with significantthat the transition is robust &t4e? on all substrates, despite
weight near zero, as disorder increases. The density of stat€s. and E; being dependent org,. Percolation issues
showed a finite spectral gap. Persistence of the gap wasave been studied earligf.3°
found to arise due to the breakup of the system into super- The conditions for 2D Coulomb interactions may have
conducting islands. Superfluid density and off-diagonal corbeen met in this and other experimeht&eldysh® has
relations showed a substantial reduction at high disorder. Inshown that this requires the dielectric constant of the film to
corporation of phase fluctuations lead to abe much greater than that of the substrate. In this study,
nonsuperconducting state. Our data are consistent with sudubstrate dielectric constants range from 1.5 for solid Xe to
a picture. 15 for Ge underlayers. Hall measurements were done for the
Our results suggest that a percolation type model, profirst superconducting film near the transition, and this yielded
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a high carrier concentration of the order of?i@m 3, transition on solid inert gas underlayers. Although the sub-
which is consistent with that reported in the literattftsug- ~ strate influences th&. as well asRy of the films, the tran-
gesting a high dielectric constant for the films. We have nosition itself is independent of the interaction potential be-
done Hall measurements for films on the insulating sidefween charges. An AL analysis indicates inhomogenous
since interpretation of data in the hopping regime is compli-hlmsv_ contrary to the¥(T). 1-V's indicate a percolation type
cated. Vortices exist in these films, since they are randorif@nsition. A model similar to that proposed by Meir for the
Josephson junction arradue to the discrete nature of the M-I transition in 2D merits further investigation. Further
array, which requires that the current take convoluted pathss,um“eS at lower temperatures are needed.
consistent with a transition governed by percolation. Duality ~ This work was supported by DST, Government of India.
in JJ arrays has been observed before. We thank Dr. Allen Goldman and Dr. C. J. Adkins for dis-
In conclusion, we have observed robuis transition in  cussions. K.D.G. thanks CSIR, New Delhi for financial sup-
ultrathin Bi on several substrates. We have presented;$e port.
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