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Coupling of gate-induced superconducting polythiophene layers through an insulating part
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We report on the enhancement of the critical temperalyréor gate-induced superconductivity in poly-
thiophene thin films using superconductor-insulator-superconductor stacks. The incrdasie akcribed to
the coupling of the superconducting layers through an insulating barrier. This might be explained by an
effective screening of the Coulomb interaction of charge carriers within different layers. Using a combination
of superconducting polythiophene and lead layers evidence is found for coupling of charges of the two
different layers via phonons.
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Recently, it has been demonstrated that the electricalVe would like to mention that the occurrence of supercon-
properties of various materials can be tuned from insulatingluctivity in PT was suppressed at too high gate voltages
to superconducting using the field efféct In the case of (~—150 V), which might be a result of correlation effects.
organic materiafs® the superconductivity is confined to a However, in the gate voltage range, where superconductivity
thin two-dimensional layer at the interface to an insulatingcan be achieved, no variation & was observed. The same
layer. Several studies have suggested an influence of tHgate bias(—135 V) was used throughout all experiments in
insulator/superconductor-interface on the superconductingrder to achieve superconductivity.
properties of the materidr.*? Moreover, a significant depen- ~ Moreover, PT Josephson junctions have been prepared by
dence of the transition temperatuFg on film thickness has Patterning the gate-electrode, giving rise to a spatial modu-
been observed in superconductor-insulator multilay&rs.  lation of the charge carrier density leading to in-plane
Several models have been proposed in order to explain sugtperconductor-insulator-superconduct&S) structures:
phen()rnena._l2 Here, we investigate the SuperconductingSUCh devices can be used as tool to Stl.ldy the electron-
properties of polythiophene thin films, especially, the cou-Phonon coupling'~?*in the PT layers via tunneling spectros-
pling of a superconducting film to a second superconducto€opy. In addition, tunneling curves of the vertical SIS struc-
(polythiophene or leadvia an insulating barrier, i.e., un- ture have been investigated. No signs of Josephson coupling
doped polythiophene. have been observed in such structures.

Field-effect devices were prepared on glass substrates us- Figure 2 shows the channel resistance of the top and bot-
ing a Sputtered Mo film as gate electrode angoy as gate tom PT transistor for a 50 A thick film. KC of 2.5 K can be
insulator® The electrical properties of the accumulation layerestimated for either individual device. However, if supercon-
at the interface of the p0|ythiopheﬂéT/regioregmar po|§3- dUCtiVity is induced in both, the top and bottom Iayer, the
hexylthiopheng] film and the insulator were investigated by transition temperature is increased up to 4.4 K. Using PT
four-probe measurements using gold confaatsthe tem- films of different thickness an increase'b(f below 150 A is
perature range from 1.7 to 20 K. Thif0—350 A PT fims  observedinset of Fig. 2. A similar effect can be noticed for
were solution cast from a dilute solutid®® The thickness
of the films was determined from the optical interference
pattern. Due to regioregular head-to-tail coupling of the

Channel

Superconducting

polymeric chains a nanocrystalline lamella structure is ob- Insulator 2

tained giving rise to reasonably high charge carrier Insulating
mobilities}®~2° It has been demonstrated that gate-induced \ Polymer ( _

superconductivity can be observed in PT belew?.4 K at “Insulator 1 i

high negative gate voltagés-—130 V).2 The degree of self- Superconducting

organization has been found to be of extreme importance in
this polymeric material, since disorder suppresses the occur- Substrate
rence of superconductivity in this materfalithout applied
gate-bias the PT film is insulating & 10° Q cm). In addi-

tion, a second field-effect transistdfET) was prepared on FIG. 1. Schematic device structure. A PT field-effect transistor
top of the thin film(see Fig. 1. For some dev[ces_ a layer g prepared on a glass substrate using a Mo-gate electgade 1
(~1500 A) of Pb was evaporated onto the PT film instead ofand an AJO, gate insulator(insulator 2. In addition, a second
the second FET. The superconducting transition temperatufigansistor is prepared on top of the polymer film using a second
of such Pb films was approximately 7.3 K, in accordancea|,o; layer (insulator 2 and an Au electrodéate 2. By applying
with values reported for bulk Pb. The coupling between thea high gate voltage superconductivity can be induced in a thin layer
two superconducting layer@®T-PT or PT-Pb, respectively close to the PT/AO; interfaces. The coupling of the superconduct-
through the undoped, insulating PT barrier is investigateding layers through the insulating®T) layer is studied.
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FIG. 2. Channel-resistance as a function of temperature for the
top (dashedl an the bottom(solid) transistor. The increase df, Energy (meV)

from 2.4 to 4.4 K upon coupling of both superconducting layers is

clearly observable. The inset shows the thickness dependence of the FIG. 4. Second derivative of the tunneling current in a PT
superconducting transition temperature for the coupling of two susuperconductor-insulator-superconductor junction as a function of
perconducting PT layers. An increase for films below 150 A isthe applied bias. The peaks correspond to coupling to phonons. The
clearly observable. A maximuri, of 4.4 K is observed for 50 A solid line is observed for gate-induced superconductivity in a single
thick films. PT film. The dashed line corresponds to coupling of a supercon-

ducting PT and a superconducting Pb film. The additional peaks are

PT and Pb multilay_erSFig- 3. A maximu_m Tc of 8.4 Kis  ascribed to coupling of charge carriers in the different layers via Pb
observed for coupling of superconducting Pb and(Bate  phonons.

induced. It is particularly noteworthy, that thi§; is higher

than that of bulk Pb. Tunneling spectra of PT films using The increase of the superconducting transition tempera-
in-plane SIS structurégeveal coupling to excitations of 8 ture T, resembles some similarities to tfie enhancement in
and 10 meV(Fig. 4). These values are in good agreementsn-SiO or Al-ALO; superconductor-insulator stacks®In
with phonon energies reported for this matefiaiuggesting  addition analogous results of finite size effects have been
phonon-mediated coupling in PT. Additional peaks in thepbserved in ultrathin NbSesingle crystal€® ultrathin
tunneling spectrum of PT are observed in the presence of auench-condensed Pb/Sh and Pb/Ge multila}fass cuprate
adjacent Pb filn{Fig. 4). These resonances can be explainedsuperlattice$®~?® Several models have been proposed to ex-
by coupling of the charge carriers in the PT film to transversejain the modification off; in superconductor-insulator mul-
(~6 meV) and longitudinal(~10 meV) Pb phonons? tilayers, especially with respect to high-superconductivity
: . ; g . ' ’ . in cuprates. Ginzburgsuggested that changes in the super-
conducting interaction at the film surface could lead to
changes in the filnT,. However, for our devices it is not
obvious how the superconducting interaction might change
at the interface between the insulating and superconducting
PT, since the superconductivity is turned on and off via gate
doping without modification of the interfaces. Further mod-
els proposed exciton mechanisms at interfaces rather than
phonon mediated pairin}. However, the tunneling spectra
seem to be in contradiction with this assumption. Other mod-
els attributed a rise iff, to disorder-effect$>2° which can
also be ruled out in our experiments since the disorder does
not change upon gate-induced superconductivity in the sec-
ond film. In addition, a lowering of phonon frequencies com-
pared to bulk material has been proposed for the
T enhancemerl, which can also be excluded as explanation
emperature (K) . . . .
since the PT superconductor-insulator multilayer consists of
FIG. 3. Channel-resistance as a function of temperature for théhe same material. Hence, a lowering of the phonon modes
Pb film (dashegdland the bottom PT transistésolid). A T, of 8.4 K Upon gate-induced superconductivity in the second transistor
is observed upon coupling of both superconducting layers througg€ems to be unreasonable. Another possibility is Josephson
the thin insulating PT barriet~50 A). The inset shows the sche- coupling of the superconducting layers which has been sug-
matic device structurénot to scalg gested for highF,, cuprates®3°-3?However, no signs of the
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Josephson effect could be observed in vertical SIS tunnelinBouglass mechanism giving rise to an increasd ofip to
structures in contrast to in-plane deviééddence, this ex- 8.4 K for the combination of Pb and PT and up to 4.4 K for
planation seems to be unlikely although it can not be ruledT SIS structures. In the latter case of two superconducting
out completely. In other models electron transfer through lopT layers the increase af, can be ascribed to the screening
calized states of the insulatbror the proximity effect ac-  of the Coulomb interaction of the charges confined in the two
count for aT, variation in multilayer stacks, but it seems t0 |ayers due to the insulating barrier. Obviously, the explana-
be questionable that these effects can result in an increase ﬁ’(g/n using the Cohen-Douglass mechanism is still speculative
T above the bulk value, which is observed in our experi-ang further specific studies of the observedenhancement

ments. o ~ will be necessary in order to understand the microscopic
Cohen and Douglass suggested the possibility of pairingnysics in more detail. Nevertheless, this model can account

of charge carriers separated by a barrier lafesince an  very well for the experimental observations. In addition, it
insulating layer does not present a barrier to phonons, it igyould also be extremely interesting to study similar effects
possible that a charge carrier in layer 1 can emit a phonony, other organic or gate-doped materials, especially, hole-

which is then absorbed by a charge carrier in layer 2. Thi%oped Go, Where aT,, of 52 K has been observed in a single
will result in an attractive, phonon-induced interactiof?  fia|d-effect device.

comparable in magnitude with the interaction within the |, summary, theT, enhancement in polythiophene
layer V. Since the charge carriers on opposite sides of thentilayer structures is tentatively ascribed to phonon-
barrier feel a lower, screened Coulomb interacfdri the _ mediated coupling of charge carriers in adjacent supercon-
resulting superconducting transition temperature can be inqycting layers through an insulating barrier. This leads to a
creased. Moreover, it has been suggested that interlayer I8trong reduction of the Coulomb interaction. MoreoveT,.a

teractions can mediate Heisenberg-type coupling between ogt g 4 K is observed for coupling between polythiophene and
der parameters in adjacent superconducting laefhe |ead. Evidence of coupling to lead-phonons is found in tun-
tunneling spectra of PT/Pb stacks indeed reveal the couplmge”ng spectra of the polythiophene films.

of charge carriers in the PT film to Pb phonons. Hence, it
might be reasonable to assume that the charge carriers in the | would like to thank Z. Bao, B. Batlogg, E. Bucher, and
two superconducting films can couple via the Cohen-Ch. Kloc for various helpful discussions.
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