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Abstract—We present measurements of the temperature dependence of the tunneling density of states near the
Fermi energy,Go(T), and resistive transition®}(T), of ultrathin PbBi films. BothR(T) and G(T) broaden
substantially near the superconductor to insulator transition (SIT). The broader{@)iis not affected by the
proximity of a ground plane suggesting that long range Coulomb interactions are not important to the SIT. The
results suggest that the transport properties of films near the SIT are influenced by fluctuations in both the phase and
the amplitude of the order parameter. We discuss the data in terms of recent theories of the superconducting
transition in low superfluid density systen@®1998 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION long-range Coulomb interaction effects play a minor role

. I _— in their origin. We discuss these results in terms of
Because the superfluid density is low in films near the

. . . ..._recent theories of low superfluid density superconductors
two-dimensional superconductor to insulator trans,mOﬂ1 3]
(SIT) and high temperature superconductors, thermal ahd
quantum fluctuations are believed to exert a strong
influence on their superconducting transitions and prop- 2. EXPERIMENTAL DETAILS

erties [1-3]. Very recently, for example, it was proposed o
that thermal and quantum phase fluctuations in the supé(y-e used E)b-gB' 01 films that were thermally evaporated
to a 6-A Ge underlayer that had been previously

conductor order parameter reduce the resistiveg/1 i ) i

measured mean field transition temperatdFg;, well eposited onto a fire-polished glass substrate. The sub-
below the temperature at which Cooper pairs form ifirate was maintained at~ 8 K for these depositions.
these systems [1]. Electron tunneling done in tandefpXPeriments indicate that these films are homogeneous
with transport measurements offer the opportunity t}- The films were in thermal contact wnh@t;e mixing
explore this conjecture and add general insight into tHg'amber of a dilution refrigerator or a pumpede potin
relative importance of fluctuations in the order parametét Cryostat. The layout of the samples is shown in Fig. 1.
phase and amplitude. Tunneling experiments can reve-gl‘ere are two areas of the film that are equivalent in size,
fluctuations in the energy gam, or amplitude and one with an Al strip and its natural oxide layer under-

transport experiments sense fluctuations in the phase.neath' A, qnd th? other, B, without. The Al strip, which
In this paper, we compare the resistive transitiondVas deposited directly on the substrate at room tempera-
R(T) and the temperature dependence of the tunnelirli re, and its natura] oxide served as.the r.10rmal couqter-
density of states near the Fermi ener@y(T), of homo- € ectrode apd barrier fpr the tunnel Jynct.lon. The oxide
geneous PiBi . films with different superfiuid densi- tUunnel barrier was estimated to be 30t#ick and the
ties. Far from the SITR(T)is sharp an@(T) exhibits a tunnel junction resistance exceeded the film sh.eet resis-
discontinuity in its slope at the same temperature, coff2"c€ by more than a factor of 100. The Al strip had a
sistent with a BCS superconductor with a large superfluf@Sistivity of about 2Qu0-cm, a thickness of approxi-
density. Closer to the SIT, these features and the overgi2tély 10 nm and a width of 0.8 mm or 1/4 of the film
temperature dependencies become broader both ab&/g2 in region A. We performed four terminal transport
and below the estimated mean field transition temperg]easurements of the rt_e5|stance of the film in the regions
ture, Toy [4]. Furthermore, we note that the resistive{A anq B and four terminal measurements of the tunnel
transitions are not influenced by the presence of J§NCtion conductance. o
nearby ground plane. These results indicate that ampli- B&loW, we present measurements ®@f, which is

tude and phase fluctuations persist together balguand  Proportional to the number of states within 1.75ksT
of the Fermi energykr. Explicitly [6],
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Fig. 1. (A) ResistanceX) and tunnel junction conductance at zero biasrformalized to their values at 8 K for three PbBi films with
R(8 K) andT s from left to right of 44002 and 1.8 K, 7142 and 4.2 K, and 3.8 and 7.7 K. Inset: sample layout. (B) Same resistance
data as in (A) plotted on a logarithmic scale.

whereE is the quasiparticle energy measured relative tbecome rounded in the thinner films. The rounding begins
Er andf is the Fermi functionNy(E) is the normal state at T, (taken as théR(T) midpoint). As we pointed out
density of states ands(E) is the superconducting density previously, the effective width d®(T)becomes compar-

of states which is given b¥|/,E? — A%for a BCS super- able withT,,. Despite the rounding, it is still possible to
conductor.A is the energy gap. Disorder effects reducebserve thal s coincides closely with the temperature at
Nn(E) as well asA. When the film does not superconductwhich G, changes most rapidly.

the temperature-depende@t has a weak, nearly loga- Interestingly, the broadening persists beldw; as
rithmic form. The logarithmic form comes from thewell. G, dropped to 50% at a temperatuii,; = 0.8
Coulomb anomaly in the normal state [7]. Here, wénthe highesT film and 0.67 in the lowesk,film. The
present data normalized to remove this Coulomb anorenhanced broadening R(T) below T, is brought out in

aly from Go. Fig. 1b, where the data are plotted on a logarithmic scale.
T., the temperature at which the resistance is nearly zero
is 0.8T ¢ in the lowestT .« film. In the figure, T is chosen

to be the temperature at whigiRy < 1073,

In Fig. 1, we compare the temperature dependence of theFinally, theR(T)in regions A and B wer&denticalfor
junction Conductancﬁo with the resistive transi’[ion’ each of the three films indicating that the Al Strip exerted
R(T) of three different films. The thickest film, with @ negligible influence on the transport.

Tmi = 7.6 K, exhibits a very sharp drop R(T)andGg at

T as expected for a BCS like superconductor. In fact,
because PbBi is a strongly coupled superconduagr,
drops more abruptly belowl ., than it would for a The excess broadening R(T) and Gy(T) indicate that
weakly coupled BCS superconductor. The abrupt drogkictuation effects strongly influence the superconducting

3. RESULTS

4. DISCUSSION
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transition [4, 8]. In the following, we discuss three A third scenario attributes the behavior directly to
different models of the nature of those fluctuations.  quantum fluctuations in the amplitude of the order param-
Emery and Kivelson [1] recently proposed that botleter. Belitz and Kirkpatrick recently developed a theory
thermal and quantum phase fluctuations in low superfluinf the superconductor to normal metal quantum phase
density superconductors drive their resistively measuredansition. They show that quantum fluctuations in the
transition temperature below the temperature at which ttegitical temperature and consequently, energy gap grow
energy gap first forms. This effect results from theipon approaching this quantum phase transition. These
competition between the energy gain of establishingpatial fluctuations are strongest in two dimensions. The
phase order between different regions of the film androwth in the broadening d&, shown in Fig. 1 agrees
the energy cost of the Coulomb interactions created semi-quantitatively with this theory [3]. In addition, the
the local superfluid density fluctuations that phase ordeearlier observed smeared appearance of the tunneling
ing requires [9]. Generally speaking, the lower the supeBOS as a function of voltage at low temperatures also
fluid density, the poorer the screening and the larger ttagrees with a model of spatial fluctuations in the energy
cost of establishing phase coherence [1]. The separatigap [4].
of Ty from T, shown in Fig. 1 and the substantial
decrease in th&, aboveT,, indicating that a gap has 5 SUMMARY
started to form, qualitatively agree with this picture. On
the other hand, this theory predicts that bringing a met¥V'e have presented tunneling data that show evidence for
plane close to a film with low superfluid density enhancesfrong fluctuations in the amplitude of the superconduct-
T. by reducing the Coulomb interaction effectsing order parameter near the SIT. A simple argument and
The identical nature of thR(T)in regions A and B of & recent theory suggest that these amplitude fluctuations
the film disagrees with this prediction. In general, th@re at least partially responsible for the broadening of the
absence of the ‘screening’ effect in a film so close to theesistive transitions near the SIT in homogeneous films.
SIT calls into question the general idea that disordetn addition, we described a transport experiment employ-
enhanced Coulomb interactions drive the SIT [10, 11jnd @ ground plane that seems to rule out the long-range
Earlier screening experiments on films further from th&oulomb interaction as the source of these fluctuations.
SIT have led to similar results [12—14]. Our experiment
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