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Resistive transitions in qguench-condensed Bi films near a normal-metal ground plane
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We report observations of the zero-field resistive transitions of superconducting quench-condensed
Big.g7Tl0.03 films both near electrically isolated normal-metal ground planes and on clean fire-polished glass.
Transition temperatures, obtained by fitting the data with the two-dimensional Aslamazov-Larkin theory of
fluctuation conductance, were found to be significantly enhanced for films deposited over ground planes versus
those deposited onto insulating substrates. Conductivity enhancement due to superconducting fluctuations was
found to be much less than expected for the thinnest samples. This suppression was coincident with broadened
superconductor transitions that are consistent with nonuniform sample thickness. Sufficiently thick films
showed reasonable agreement with both the fluctuation theory and assumption of uniformity. We discuss
discrepancies between our fits and the theory within the context of film morphology.
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The technique of quench condensation—evaporation onto SIT's have been observed in other systems as well. In
cryogenically cooled substrates—has been used for decadparticular, Josephson junction arrays can exhibit a SIT when
to study metastable disorder in a variety of thin-film placed in proximity to a two-dimension&2D) electron gas
systems. Investigations of superconducting films producedthat acts as a tunable dissipative medfnThis behavior
with this technique have provided particularly fruitful insight might be evidence for damping of fluctuations in the super-
into the basic mechanisms of superconductivity. Theconducting system by the normal resistance of the coupled
superconductor-insulator transitié8IT) is an example of a medium. Other studies have involved measurements of su-
widely  studied  phenomenon utilizing  quench perconducting samples that were in close proximity to
condensatioR-*?In this transition, films evaporated just past normal-metal ground planes. In one case, results were inter-
the onset of a measurable conductance are found to shopreted as being consistent with Josephson array reédutts.
insulator properties: i. e., their resistance increases with desther work, al - enhancement attributed to Coulomb screen-
creasing temperature and extrapolatesctat T=0. As the ing was observed, but no fluctuation damping was
samples are incrementally grown to increased thicknessegetected?®?23
the resistance versus temperatlR€T), behavior begins to The experiments reported here are the results of an at-
resemble that of a superconductor. Depending on their motempt to detect changes in superconducting fluctuations in
phology, films that have just crossed into the superconducthin Bi films due to the presence of a nearby dissipative
ing regime typically exhibit either suppressed transition tem-medium (a normal-metal ground plahewhat distinguishes
peratures {¢) or broadened resistive transitions. these measurements from most of the previous work is that

It is possible to understand the SIT in these samplesve do not use a Ge or Sb layer under the Bi film. The
within the simple framework of the superconductor pairmotivation for our approach was threefold: first, Ge or Sh
wave function:¥ s~AY%'¢, with amplitudeA'? and phase underlayers are known to effect the transport and supercon-
¢. ¥4 can be destroyed either by breaking long-range phaseucting properties of samplé&:second, these layers would
coherence or suppression of the amplitude. When samplessrve to further isolate the sample from the normal-metal
are prepared by quench condensation onto insulating sulground plane; and third, Bi films quenched condensed di-
strates, they generally appear to be granular in that they typrectly onto clean insulating substrates have been used to both
cally do not have a measurable conductance until tens ahotivaté* and then ultimately suppdrt2® the fluctuation
atomic layers of material are deposited®?°Additionally, ~ conductance theory of Aslamazov and LarkinOur ap-
the presence of nearly bulk values iy and the observation proach was simply to measure and analyze the resistive tran-
of an energy gajpA), even on the insulating side of the SIT, sitions of a series of Bi films that were deposited onto either
indicate that transport is dominated by superconductivity deelean glass substrates or over well-passivated AQAI
termined by the stability of phase between grains and interground planes.
grain hopping or tunnelin§.The broadened transitions ob-  Glass substrates were cleaned and fire polished before Al
served in these samples are explained as phase breakiggound planes were deposited with the substrate held at room
between grains or clusters of grains due to phase fluctuaemperature. Ground planes ranged in thickness from 3 to 50
tions. Samples that are quench condensed over Ge or $fm as measured by a quartz crystal microbalance. After
layers have been interpreted as having a “uniform”deposition, the ground planes were allowed to oxidize in
morphology**~*8In these films, the onset of measurable con-ambient air for 1-5 days. At that point Ag leads were depos-
ductance occurs at a thickness equivalent to only one or twited onto the substrate and over the ground plane as shown in
atomic layers. The observed suppressio gfandA on the  Fig. 1. The substrates were then immediately mounted in a
superconducting side of the SIT suggests that reduced amplijuench-evaporator cryostat and pumped with a diffusion
tude and not phase variations drive the SIT. pump before being cooled to 4 K. Room-temperature two-
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Ag contacts TABLE |. Summary of parameters for the nine experimental

to Bi sample runs presented in this work. Open symbols denote samples prepared
onto clean glass substraté61-G4, and solid symbols indicate
those deposited onto ground plari€$1-GP5 These symbols are

I | used consistently in the figures that follow. The range of values for
2mm the fitted normal resistance per squdRe,, for each run is given
| in addition to the number of films measured. For the samples de-
/‘ N posited onto ground planes, the thickness of the Al and the oxida-
71 TN tion times are shown.
I - Run Symbol Range Number of Ground Oxidation
) /4 of normal films plane time
| L/ resistance () thickness (days
NS— ] (nm)
Gl O 27.3-2914 10
N - h G2 \Y 22.4-3086 11
AVALO; e g G3 O  40.0-1411 9
Bi sample G4 o 75.0—606 6
GP1 @ 50.9- 2491 12 12 5
FIG. 1. Sample layout showing the Ag contacts for the four-wire Gp2 v 46.4—-10537 14 24 2
Bi film measurement over a circular Al/fD; ground plane. The Gp3 ®m 42.5-1954 13 10 2
contact layout is the same when no ground plane is used. GP4 * 48.2-711 10 50 1
GP5 A 36.4-3506 12 3 3

wire resistance measurements between Ag leads over the
ground planes were typically greater tharf ID. At cryo-
genic temperatures the two-wire resistances exceeded the ifgported in this work, including details regarding the prepa-
put impedance of our voltage amplifiers ¢@). Since ration of the ground planes. The symbols noted in the table
these values are many orders of magnitude higher than o@re used consistently throughout the subsequent figures. Fig-
sample resistance of interest, we expect no appreciable errosge 2 shows typical results for a series of Bi fili(@2) on a
from the parallel conduction path through the ground planeclean glass substrate. Note that Theincreases as thickness
For samples without ground planes Ag leads were simplyncreases and normal state-resistance per squriQ)(de-
deposited onto clean glass and the same procedure as abageases. The solid curves were generated from our three-
followed. parameter fits to the Aslamazov-Larkin theory of paracon-
Once the cryostat was cooled to liquid helium temperaductance(details below. For even the highest-resistance
tures, Bjo7Tlg o3 films were deposited onto the substrates
held at 10 K. This temperature insures that measurements
during deposition are of normal-state Bi. In addition, the
evaporation chamber is completely submerged in liquid he-
lium to produce ultra-high-vacuum conditions for the entire 25 ¢
experimental run. The 3 at.% Tl was used to stabilize the

amorphous phase of Bf.Since the focus of this investiga- =) 20|
tion was on films on the superconducting side of the SIT, the g
initial deposition was stopped once the measurable resistance §

of the film was below 50 K. This resistance occurs at an ) 15¢
approximate thickness of 2 nm in agreement with previous @
work2° This average thickness is much greater than that ob- = 1.0}
served for samples deposited onto Ge orrSB® indicating

some inhomogeneity in the films. Also the onset of measur- 05 L

able conductance occurs more abruptly, suggesting the pres-

ence of clumps of materiddeforethe sample becomes elec-

trically continuous. After depositionR(T) was measured 0.0

using a four-wire lock-in amplifier technique for both the

film and a RuO resistance thermometer and plotted directly

on an analog-y plotter. Temperature was controlled using @ i, 2. Resistance vs temperature for run G2, an incrementally

small current source and a resistance heater mounted to tQgposited series of quench-condensed Bi films on clean glass. As

sample block. After eaclR(T) curve was generated, addi- thickness increases, the normal-state resistance per sqRafg (

tional material was deposited and the procedure was rejecreases. The solid curves are fits to Aslamazov-Larkin fluctuation

peated. theory (see text The emphasized tick marks on the right axis in-
Table | presents a summary of the nine experimental rundicate theRy values obtained from the fits to each curve.

45 5.0 5.5 8.0
Temperature (K)
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This form ofr(t) gives a more convenient dimensionless

FIG. 3. (a) R(T) for the same data as in Fig.(un G2, plotted ~ Version of the AL theory. _
as logy(R). (b) R(T) data for run GP2, samples deposited over a In order to fit our experimental results we used three fit-
normal ground plane. The preparation details of the ground planng parametersRy, Tc, andgeyy. Note that we have still
are given in Table I. Solid curves are the Aslamazov-Larkin fits,assumed # at in the absence of any detailed treatment of

except for the leftmost linear fits to the resistive tdgse text other effects. In this form, calculating does not require
knowledge of the number of squares of the sample in order
films, these fits agree well with the data down to aboutt© fit our results. The number of squares is only important for
1/2R.y . One of the fit parameter®y is noted for each retrieving a value 0fe,,=1/aRoy. We also point out that
curve as a large tick mark on the right axis of the plot. ~ @lthoughRy and T¢ are fitting parameters, they are con-
Figure 3a) shows the same data as Fig(@2) but now stra}med by phys!cal reall'ty. We 'made some attempt at mea-
plotted as logy(R) vs T, and Fig. 3b) shows different re- SuringRy by finding the film resistance at about 12(R-3
sults for a film over an Al ground plane that was oxidized fortimesTc). However, within the framework of the AL theory,
2 days(GP2. Note that with the logy(R) vs T plots, the high-resistance f|Ir_ns _W|II have non—negllglble quctuatlon.
transition curves are easier to resolve for the entire range ¢fonductance contributions at even higher temperatures. This
measurements. The fits also work well down to abouffact makes our measuregl results useful only as starting
1/2Ry, for the ground plane samples, and they clearly agredalues in the fitting process. The discrepancy is apparent in
very well for the thickest samples in both plots. The leftmostFig. 2 where theRy values are marked on the right axis. In
linear fits to the resistive tails indicate an exponential depenpractice, linear fits were performed for both lineas t
dence of resistance on temperat(see discussion belgw  representations and lagr) vs log(t) representations of
We have analyzed our results using the As|amaZOV_Larkiﬁhe data. In the latter case, the fitted Slopes were between
theory of paraconductance as a starting point. Based on e®-997 and 1.003, indicating very linear behavior. Figure 4
perimental work by Glovet* Aslamazov and LarkitY (AL) ~ shows a set of fits for the data from Fig(b3 and R
showed that for a superconductor of thicknesand super- =>3/4Ry plotted on a log-log scale.

conducting coherence lengthif d<¢, the 2D paraconduc- It is important to emphasize the high sensitivity of our fits
tance for a square of filf®/; is given by to small changes in the parametétg and Tc. We found

that for small variations inRy, the highf region of the
curve became very nonlinear, whereas changdg.inaused

GL= %’ the low+ region to deviate. Changes in either parameter of
t more than 1% or 2% from the best-fit values typically re-
sulted in curves that could not reasonably be described as
where linear.
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FIG. 4. logq(r) vs log(t) for the data in Fig. @) (run GP2. © M
r=R(T)/[Ry—R(T)] andt=(T—T¢)/Tc. The straight lines have Ty,
slope 1.00 and are calculated from fitsrte t/ge,, Ry, a dimen- 0.0 . : :
sionless version of the Aslamazov-Larkin form. 10 100 1000 10000

. . . N | Resist Qf
Results of fits for four series of films on clean glaspen ormal Resistance (/o)

symbolg and five series over ground plan@slid symbols FIG. 5. Parameters for all samples from fits like those in Fig. 4.
are summarized in Fig. 5. We have plotted both the fifigd  Plotted areT andgeyp VS Ry - Open symbols are for Bi on clean
andgeyy values as a function of our fittefél results. Note  glass(G1-G4 and solid symbols are for Bi over ground planes
that the abscissa is the same for both plots, soThatalues (GP1-GP3%. The preparation details of the ground planes are given
lie vertically above their correspondirg,,;. On theT¢ plot  in Table I. The+ and X data are for “uniform” Bi deposited onto
we have also included data for quench-condensed Bi on G&e-coated substrat¢Ref. 14.

underlayers for comparisdfi.On the Jexpt PlOts we have

scale_cé OLiI’l fitted values to the theoreticefl/16% =1.52 ated using theR>3/4Ry, portion of the R(T) data. For
X107> O o ] ] . samples withR7<<30(2, there is excellent agreement be-
Two main features are apparent in these data. First, givefjyeen the fits and the measurements even below oWR3/4
a particularRyy the Tc's of our films are much higher than  cytoff. The predicted curves deviate more significantly from
those of the “uniform” Bi over Ge samples. Second, for he R<3/4R, data for the higher resistance samples. We
higher Rgy values the fittede,p results are clearly lower 5155 note that for samples witRy> 3000 this deviation
than the_ theoretical value and they fol_low a downward trenggincides withR(T) curves exhibiting the broadened expo-
asRpy increases. As for the comparison between samplegential tail typically seen in granular films. This behavior is
over ground planes and those on clean glass,Tigle are st apparent in the log-linear plots of Fig. 3, where the
enhanced over ground planes in all but one of the experimeng,,.-resjstance behavior appears linear. In Fig. 6 we estimate
tal runs. a transition widthT, whereR~e™To for all films over 300
Early work on paraconductance found excellent agreey) pespite significant scatter in our resuleair focus during
ment between the theoretical valgy, and the experi- measurements was on fluctuations and therefore the high re-
mental valuege,p When the latter was averaged over severakistance end of the transitionsit appears that transition
sample$>~2" Furthermore, there was no evidence of a de-widths are determined by . This conclusion is consistent
pendence ofe,on film resistance. However, the agreementwith results for granular Pb, Pb-Ag, and Sn systéfrisow-
was found for samples with a reported normal-state resisever, our transitions are narrower and apparently do not fol-
tance of roughly 30@) and less. To explain the discrepancieslow the same universal width. An explanation for this dis-
that were observed, variations in sample morphology werecrepancy is that since Bi is a superconductor only in its
suggested as a likely cau&%In Fig. 5 it is evident that the amorphous phase, a granular morphology typical of crystal-
Tc results become consistent with tAg values of “uni-  line grains observed in P@Ref. 8 and other systems is per-
form” films at a sheet resistance around 200-300It is  haps not the most appropriate description. Figure 7 shows a
also true that despite the scatter in @y, values, the aver- simple illustration that summarizes our results. We have plot-
age for all films below 300Q sheet resistance is 1.57 tedR(T) for two films: one is over a ground plane and one is
+0.37X10 ° Q1, close to the theoretical value. on clean glass. They have roughly the same normal-state
The explanation of our results focuses on the discreparresistance, but the film over a ground plane has a signifi-
cies between the data and fitted curves. The fits were genetantly higherT . Also note that the transition width as given
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which tends to imply crystalline grains, we chose the term
“undulant” to mean nonuniform thickness. It is likely that
this morphology reflects the fact that films grow first as iso-
lated clumps of materi&’ It is unclear whether the films
continue to look like isolated amorphous clumps or simply a
slab that is thicker in some regions than in others. Either
structure would give rise to spatial variationsTig (Ref. 30

and therefore an “effective granularity” to our samples.
Since thicker films eventually agree well with predictions for
uniform thickness, the thickness variation picture is perhaps
more straightforward. Given the significant suppression of
Tc below the bulk value {6 K) in our samples, small in-
cremental increases in thickness will give rise to significant
changes inT.. Furthermore, small variations in thickness
from place to place would lead to spatially varyifg’s in
either case. We are aware of one other “granular” material,
Ga, which prepared on a clean insulating substrate also
showed significant changes in tiig .3 It is interesting that
the Ga films in these experiments were also amorphous.

FIG. 6. Compilation ofT, values for all films withR greater . An undula_nt morphology also e_xplalns the higfigfs for
than 3000 using the assumption tha&(T)~e" in the low- given RDN W|th.respect .to the uniform case. If the sample
temperature end of the resistive transitions. A linear fit is shown an(!ﬂ"jls thICkQI’ regions of hlghé!i’c, thes_e regions are coupled
comparison with the linear fit from Frydmagt al. (Ref. 10. by the thinner, lowerT¢ regions which behave as normal
metal. Extending this assumption to our ground plane versus
by T, is roughly the same for both films. Finally, it is inter- clean substrate samples, we conclude that films grown over

esting to note that tunneling studies of granular Pb in perper@round planes have more thickness variation. This morpho-
dicular magnetic fields found normal cores appearing at &°dical difference leads to higher normal-state resistance
very similar normal-state resistance of 375’ This resis-  (thinner connecting regiopsand higher Tc. This result is
tance corresponds to a thickness where field lines begin t8/SC consistent with other work whiddid use a Ge under-

penetrate the film, not just the empty regions between thé&Yer and found botffc andRgy higher over ground planes
grains. compared to the same sample over a clean insulating

In order to differentiate our language from “granular” substraté® A morphological difference might be an alternate
explanation for those results. We also performed additional
measurements on samples that had one region over a ground
plane and one region not. In these samples it was found that
ground plane films did have higher normal resistance for the
same thickness. Coupled with our current analysis, we are
reasonably confident that the differences indicate a more un-
dulant morphology over the ground plane than on the clean
substrate. One explanation for this difference might be the
nonuniform nature of the Al films grown on room-
temperature substrates and the resultap©O4l However, it
should be noted that structural variations due to different
substrates have not been observed in STM studies of granu-
lar quench-condensed filrfis.

v In order to further understand the apparent reduggg
values, increased:’s and the difference between the ground
plane and clean glass samples within the context of our
model, we have plotted our data from Fig. 5 using a rescaled
resistance axis in Fig. 8. It is important to point out that the
T of the thicker regions of the film will dominate the onset
of the resistive transitiofthinner regions would still be nor-

FIG. 7. Comparison of two differerR(T) curves with similar mgl) and therefore the _CaICUIateg_ixm value. Howeverz the
normal-state resistance. The open symbols are for a film on cleaﬂ'"nm_er regions of the _fllms _dom'nate tiﬁﬁj,_\, value. Since
glass(G1), and the solid symbols are for a film over a ground planeKNOWing Gy (1/Rny) is critical to calculating the fluctua-
(GP2. Note that on this log(R) vs T scale, the low-temperature tion conductance, the fact that we are usRigy values that
ends of the transitions are roughly linear, and the slopes are abo@® higher than the relevant valdthe Ry of the thicker
the same. This trend indicates &fT)~e" T dependence where region would be loweris causing ouge,,=1/aRy result
T, depends only ofRqy . to be reduced. By rescaling our resistance axis ustpg

1000 |

100

Resistance (/0)

v o G1
v v GP2
v

10 1 1 1
4.2 4.4 4.6 4.8 5.0 52
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have been performed on Bi/Ge samples, the much smaller

6ol o v g zﬁ:gf ;';mg's;ie thickness of the samples co_uld lead to small variations pro-
' % +'°vg<> x+ Ge underlayer ducing re}ther Iarger .effects' in the measufigd Of greatest
=~ concern is the significant difference between clean glass and
*pu Al/Al ,05. If different substrate treatment can cause enough
55 ¢ ' f‘?! morphological variation to locally change the sampleby
o ¥ Vg'ﬁ, up to 0.5 K, it is important to rule out these effects.
= gv. Previous authors have concluded that there is some granu-
F 5.0 * %, larity presentevenin samples with Ge underlayet%This
x “,” conclusion was partially supported by using reflection high
* S energy electron diffractiofRHEED) to discern 5-nm clumps
45| x :°Vo ] in quench-condensed Bi films. This value is consistent with
R earlier work that found the critical average thickness for con-
duction of Bi to be approximately 2—3 nffl. Hysteretic
. ' . ‘ current-voltage curves were also citdds indicating granu-
10 100 1000 10000 larity in Bi samples, although these curves are consistent

with sample heating (powerlOuW). Finally, these
samples were prepared on Ge that was exposed to air before
the cooldown. Some nonuniformity might result from that
treatment.

In conclusion, we have measured quench-condensed Bi

for Bi deposited onto Ge underlayeiRef. 14. Note that although films .WlthOU-t Ge underlayers. L|I§e other systems deposnec_]
the present data do not fall exactly on that of the *uniform” films, onto insulating substrates, there is clear evidence for nonuni-

the nonuniform data collapse onto the same curve and resemble thfé{rm (undulanl. thickness. Our data for t_he resis_tive transi-
of the “uniform” samples. This result suggests that we can definelions Of our thinnest samples are consistent with those for

an “effective” resistance as probed by the length scales of superdranular superconducting films. Thick films exhibit transition
conducting fluctuations. The shorter morphological length scale§urves that follow the standard Aslamazov-Larkin theory of
control the measured normal resistance. paraconductance consistent with the earliest work on this
subjec?®28 Our analysis within the framework of this
theory provides an approach at quantifying the transition be-
tween samples in the clearly undulant regime and those
which can be considered as relatively uniform. Although we
Believe that we are seeing clear evidence of undulant mor-
hology in our films, this question might also be worth in-
astigating more closely in samples prepared over Ge or Sh.

(gexp/gAL) I:‘IZIN (o

FIG. 8. T¢ vs R data from Fig. %) with the resistance axis
rescaled aR= (gexpi/9ar) Ron - The theoretical value for 2D films
is given byga =e?/16%. T vs Ry is also plottedand not scaled

=(Gexpt/9aL) Ron We are essentially finding the normal re-
sistance for which thge,,;would equal the theoretical value.
When rescaled this way, our data collapse onto a sing|
curve. This curve also follows the trend of the “uniform” Bi
on Ge samples. The success of this rescaling approach s
gests that our undulant film model accounts for the effects
that we have observed. We gratefully acknowledge valuable discussions with R.
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