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Superconductivity in amorphous Ta/Ge multilayers
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This paper reports measurements of the superconducting transition tempefajucé Ta/Ge multilayers
for a range of individual layer thicknesses. Thick amorphous Ta layers which are isolated by thick insulating
(Ge) layers have a transition at 0.9 K, and it is noted that for thinner isolated l@yeapproaches zero as the
resistance per square approaches the quantum resistaf@e)?. However, the transition temperature is
enhanced in samples with thin Ge layers, and in films with Ta layers thinner than II5 nises to near 3 K.
The enhancement is consistent with a proximity effect involving layers of a Ta-Ge alloy at the layer boundary.
[S0163-182696)02621-5

[. INTRODUCTION represents an interesting complex layered superconductor.
We have already reporteédhe normal-state conducting
The study of superconducting properties of characteristics of Ta/Ge multilayers, which can be under-
superconducting-insulating and superconducting—normaistood on the basis of parallel conduction along amorphous-
metal layered structures has recently seen an enhanced lewdiuctured sheets of metallic charge density, showing increas-
of activity, prompted in part by the |ns|ght such Studies|ng|y two-dimensional behavior as the Ta |ayel’ thickness is
might give into the properties of the cuprate superconductieduced.
ors. The layered nature of these materials clearly plays a
major role in.their superconductivity, and an understandin_g Il. EXPERIMENTAL DETAILS
of the behavior of layered conventional superconductors is
essential to establish which properties of the cuprates might Films of amorphous Ta layers separated by amorphous Ge
follow simply from their geometry. were prepared on glass substrates by vapor deposition in a
Most of the multilayers studied to date have superconvacuum chamber with a base pressure of°lrr, using a
ducting layers which are amorphous in the thin limit, butrotating substrate assembly described previoti3lye layer-
microcrystalline when the individual layer thicknesses ex-ing was inspected with transmission electron microscopy and
ceed about 2 nnisee, for example, Refs. 1 and.ZThe electron and x-ray diffraction. As we have made clear in our
exceptionge.g., MoGe/Gg (Ref. 3 are formed of alternat- previous work}® there is no evidence for crystallinity in any
ing alloys with pure insulating layers. The Ta/Ge systemof the diffraction results, and the magnitude and temperature
appears initially as a particularly simple system in which todependence of the resistance of the films establish that the
work, for it consists of elemental layers which retain theirconducting Ta layers are noncrystalline with electron mean
amorphous structufé up to temperatures of several hundredfree paths approaching the interatomic distahéanealing
degrees C in samples with layer thicknesses up to at least Zdudies show the effects of significant diffusion and crystal-
nm (Ta) and 1 um (Ge). Very high-purity multilayers can lization only above 500 °¢.Furthermore we have found no
readily be formed by vapor deposition in a vacuum. indication of a change of resistance at the bulk crystalline Ta
Against this background there exist a number of predictransition temperaturét.5 K) in any of our films, to an ac-
tions in the literaturthat layered superconductor-insulator curacy of better than one part in°10
materials might show superconductivity at a temperature The number of periods in a given film was determined
above that in the homogeneous bulk superconductor itself. Ifrom the deposition conditions, and the layer thicknesses
particular Chakravartyet al.” have suggested an enhance-were then measured using Rutherford backscattering spec-
ment of T. due to tunneling of Cooper pairs between GuO troscopy (RBS). Note that RBS measures the two-
planes in the cuprate superconductors. It was thus clearlgimensional(2D) atomic density, but below we quote layer
important to follow up an observation that superlattices ofthicknesses derived by assuming 3D atomic densities of
amorphous Ta/Ge showed a more than twofold increase id.55<10?? cm™2 and 4.3510?? cm™ 3, respectively, for Ta
T. when the insulating Ge layers were thinned to permitand Ge.
tunneling between the superconducting Ta layers. In this The in-plane resistivities were measured on rectangles of
work we report on a careful study of the transition tempera-approximately X6 nm scratched onto the films. We quote
ture and its dependence on the Ta- and Ge-layer thicknessdke results as the product of the number of Ta laydrs)
Although it now seems unlikely that the layering directly and the resistance per square of the entire {Ry), which
enhances the transition temperature, the system nonethelaspresents the resistance per square of one Ta layer in the
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FIG. 2. Transition temperatures for films with thick5 nm) Ge
FIG. 1. Transition temperatures plotted vs the thickness of théayers vs the normal-state sheet resistance of a single Ta layer.
Ta layers. The different symbols indicate the Ge film thickness:
dge<2.2 nm (full triangles, 2.2<dge<5 nm (empty circle} and  ranges shown there is approximately a 30% variatioif dn
dge>5 nm (full circles). The almost identical lines show the ex- even for isolated layers, which leads to the scatter in the plots
pected behavior due to the proximity effect between films of twoof Fig. 3. We call attention to the following trend&) T,
different superconductors, fitted to tfig values for the multilayers  rises asdg, falls below 5 nm, reaches a maximum for Ge
with thin Ge films;.the full line is for‘ the Cooper—de Gennes mf’delvlayers in the range of 1-2 nm, and thereafferfalls with
ﬁanx(:, the dashed line for the McMillan model, as discussed in th‘ﬂiminishing_dee; (b) _the enhancement is greatest for the
samples with the thinnest Ta layers, and is by a factor of

approximation that those layers provide parallel conducting

paths. For convenience we label this productpgs The 3 ‘ ‘
conductivity of amorphous Ge in this temperature range is PN
many orders of magnitude smaller than that of amorphous LY N

Ta, and it can be safely ignoréd. 2 ,/{! . N i

0.8 <d_< 1.5 nm
Ta

lll. RESULTS

T, (K

This work concentrates on the transition temperatures de- T * . N 7
fined by the temperature at which the resistance becomes
immeasurably small, typically 5 orders of magnitude below
the normal-state resistance. In Fig. 1 the transition tempera- 0 , ; . ! .
ture is shown plotted vs the Ta-layer thicknéds,) to illus- 0 4 8 12
trate the expected reduction i, with increasing 2D resis- (@ d,, (nm)
tivity in the normal state ,Q(ZND)). Contrary to that expectation
it can be seen that the transition temperatures simply spread
out to cover a much wider range of values than in the thicker
(“bulk” ) Ta layers. The underlying pattern is that the films L
with thick Ge layers all lie in the low-temperature limit of
the fan, while those with thinner Ge layers show a substantial 2 - = .
enhancement of the transition temperature as the Ta layers
are prepared thinner.

In Fig. 2 we displayT, plotted vspS)) for films with Ge
layers thicker than 5 nm, sufficient to prevent tunnelling ef-
fects in the normal stafe® In line with expectatiory, the L ]
transition temperatures for this selection of our films fall ap-
proximately linearly Withp(zND) , finally reachig O K near the 0
quantum resistande/(2e)? (6.45 k). Note that the transi-
tion temperature in the thickest Ta layéssnallesip$) falls (b) dg, (nm)
below the extrapolation of the rest of the data, against the
trend normally observeti:® We return to this point below. FIG. 3. Transition temperatures plotted against the Ge-layer

The systematics of the observéd enhancement are fur- thickness for Ta-layer thicknesses betwéan0.8 and 1.5 nm and
ther illustrated by plottindg’; as a function ofige, as in Fig.  (b) 2 and 3 nm. The dashed line i) shows the transition tem-

3. Again there results a fan at lodge unless the data are peratures of the alloy with the same average composition as the
restricted to limited ranges ad;,. Notice that within the multilayer.
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FIG. 4. Transition temperatures of amorphous Ta-Ge alloys vs FIG. 5. Model for the superconducting proximity effect between

the Ta concentration. The line is intended as a guide to the eye an?d Ta film and films of a Ta-Ge mixtureM) with higher intrinsic

is used to display the alloy expectati¢iashed lingin Fig. 3a). ¢

expect large variations in the superconducting parameters

more than 30.7-2.4 K for dr, less than 1.5 nm. _across a single film. The increaseToffor samples with thin

A natural explanation for the observed enhancement ifse |ayers in Fig. 1 is ascribed to the proximity effect be-
these amorphous multilayers, particularly those with thinyyeen the superconducting and Ta layers, with tha, of
layers and thus a high density of interfaces, can be found byhe combination being intermediate between the intrinsic val-
noting that Ta-Ge alloys form superconductors with transiyest 3 K for M andT_,~0.9 K for Ta. As the thickness
tion temperatures above 2R Since earlier work on these _dr, of the Ta layers is reduced, the superconducting carriers
alloys was performed on materials which showed conductivispeng a smaller fraction of their time in the Ta layers and
ties typical of crystalline metalgesistivities below 50-100 ore in theM layers, which leads to an increasifig as the
w2 cm with positive temperature coefficientsve have re- arger pairing interaction in thal layers dominates. When
peated the measurements on amorphous alloys prepared e Ge layer is thicker, the enhancementTof as dr, is
coevaporation. In Fig. 4 we show our results on these alloygecreased is terminated fdr,<5 nm by the impending lo-
plotted asT vs the atomic concentration of Ta, and it can beécajization transition as the resistivity of thé/TaM struc-
seen that there is a broad range of compositions With e rises towardb/(2e)?, as indicated in Figs. 1 and 2. This
between 2 and 3 K. We thus propose that the enhancemegggests that the coupling between adjaddfitaM struc-
we observe in the layered films is related to an alloy phasg,res when the Ge layers are thin is required to avoid this
which forms at the interface between the Ta and Ge layersyocgization transition and allow the full, enhancement for

An upper limit to the range over which mixing occurs in dra<5 nm.
our multilayers can be estimated from the data of Fig. 3. We "The data of Fig. 3 are then understood qualitatively as
note that if the period of the multilayer is smaller than twiceq|ows: as the Ge thickness falls below 1.5 nm there is in-
the mixing range, then the films would be completely mixedsgficient Ge to form an alloy with a high transition tempera-
into an alloy and would show alloy characteristics. Furtheryre andT, then falls towards 0.9 K. Whedg, rises sub-
more when the Ge layers are vanishingly thin the data mus{antially above 1.5 nm the superconducting transition
approach the valu€0.9 K) corresponding to thick Ge-free temperature falls toward that of isolated Ta layers, 0.9 K, or
amorphous Ta films. Thus as an aid to estimate the range @f\yer if the Ta layers are thifsee Fig. 2
mixing we have shown as a dashed line in Figa)3he As shown by the lines in Fig. 1, the shape of the increase
transition temperatures which would be observed if they T a5, decreasegfor thin Ge layersis that typically
multilayer films were mixed throughout their depth. That gypected for the superconducting proximity effect. The cal-
dashed line is generated by the line fitted to pure alloy datg|ations are made for two different models for the proximity
(see Fig. 4 and noting that the average Ta concentrations insfect between very thin films. The first is the Cooper—de

the multilayer films are determined by the ratios of the Ta-Gennes mod&t which takes the effective pairing interaction
and Ge-layer thicknesses. As expected the data are in reasofk he weighted average of that in the two films:

able agreement with the alloy predictions in the thin-layer

limit, but they differ fordg.>1.5 nm, setting an upper limit N,dih 1+ Nodoh,

of about 0.7 nm of Ge being lost to the mixed layer at each Net= " N.d. T Nod 1)

interface. The upper limit for the thickness of the mixed 1R

layer is then about 1.5 nm, which can be compared with thavhereN;, d;, and\; are the density of states at the Fermi

value of less than 1 nm commonly found in amorphouslevel, the film thickness and the pairing parameter, respec-

semiconductor-semiconductor multilayérs. tively, in the two films. This model represents the limit of the
The enhancement of Figs. 1-3 is understood by modelingnore general model of Takahashi and TacHikir the case

our multilayers as shown in Fig. 5, with each Ta layerwhere the thicknesses of the films are smaller than their su-

sheathed by mixed Ta-Ge layemsl], and the entireV/Ta/  perconducting coherence lengtfidn our case, film 2 is the

M structure separated from its neighbors by insulating layeramorphous Ta, and film 1 is the Ta/Ge mixtuh), taken as

of Ge. Since the layer thicknesses are smaller than the cdéAcluding theM layers onboth sides of the Ta to give the

herence lengths in these Ioly- superconductors, we do not correct averaged pairing parameter. The transfer of carriers
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between neighborinyyl/TaM structures is a further compli- where y(x) is the Euler psi functiof® k is Boltzmann’s
cation, but should not alter the calculation significantly sinceconstant, and’;=#/(27;)=c;,d; is the transfer parameter
the value ofT, is governed by the fraction of time spent by from film i to the other film. Herer; and =, are the mean
the carriers in théM and Ta layers, which is the same for all times that carriers spend in films 1 and 2, respectively, be-
the M/TaM structures. The values of are estimated from fore transferring to the other film, which are taken as propor-
the intrinsicT, values for the films, and the value ®f for  tional to the respective film thicknesses, i.e.,is constant
the proximity sandwich is then calculated, using the usuafor a particular film. Equatiori2) has been solved iteratively
BCS-type formula. and the result is fitted to the data takiog=c, andI’;=0.26
As shown by the full line in Fig. 1, this model gives a meV. It is difficult to make our comparison with the data
good fit to the data for thin Ge films. The fitted value of the more quantitative in the McMillan model, but the close
parameterN;d,/N, is 2.55 nm, which takin{ the ratio agreement with the Cooper—de Gennes model shows the
N,/N, as the same aa;/\, (approximately 1.2V gives generality of the shape of the increaseTqfcaused by the
d;=2.0 nm for the thickness of the Ta/Ge alloy layer. This proximity effect as a function of film thickness.
corresponds to a Ta-Ge alloy layer of thickness about 1 nm The dependence daf. on Ge-layer thickness can thus be
on either side of the Ta layer. Although this procedure is ofqualitatively understood: the rise with diminishidg,, evi-
course very approximate, the resulting value for the thick-dent for Ge layers thicker than 2 nm, is associated with the
ness of the Ta-Ge layers is similar to the maximum valueD-3D transition as tunneling through the Ge layers in-
deduced from our data above, and so the model seems reereases. The fall for thinner layers arises from the depletion
sonable. We obtain better agreement with the Cooper—def Ge, so that the Ge-rich alloy required fog>2 K is no
Gennes model than was found for Nb/Ge multilay@mpps-  longer found in the mixed layer. The maximum ot
sibly because our layers are thinner. reached for Ge thicknesses of near 2 nm and represented by
Golubo'® has emphasized the need to take account ofhe upper data points in Fig. 1, then corresponds tdbthke
finite transparency of boundaries between different layers iwalue (ignoring the localization transitigrfor a proximity-
calculations of the superconducting proximity effect, andenhanced Ta layer sheathed by two mixed layers.
showed that the appropriate way to do this in our case of
very thin films is to use the McMillan tunneling modél. IV. CONCLUSIONS
Provided the layer thicknesses are small, the formalism of i ) )
the model was fourd to be valid for arbitrary transparency ~ We find that the likely cause of an enhancemerftishat
of the boundary, rather than only for the case of small trans?€ observe in Ta/Ge multilayers is the formation at the in-
parency for which the model was initially derived. te_rfaces of the Ta and Ge films o_f a Ta—Ge_ m|>_<ture with
To illustrate that our ascription of the increaseTinto the higher T than amorphous Ta. As illustrated in Fig. 1, the
proximity effect does not depend on neglecting finite bound-ariation of T¢ with the thickness of the Ta layefahen the
ary transparency, we also show in Figa fit of thedata for Ge layers are thinagrees Wlt.h that calculated usmg_th_e
thin Ge films to the McMillan modé In this model, the Cooper—de Gennes and McMillan models for the proximity
link between the films is by single-particle tunneling. The effect between neighboring superconductor films of Ta and

superconducting transition temperatdieof a pair of super- the Ta-Ge mixture ). The role of coupling between the
conducting films with transition temperaturs, and T, is M/TaM composite superconductors through the interleaving

given by’ Ge layers appears to be to suppress Iocqlization im/lh?aj
M layers when the Ge layers are very thin, thus allowing the
r, r, 1 I'1+T, 1 superconductivity to persist. When the Ge layers are made
In(Toy /o) + IN(Tep/To) v 57 2 mkT, —y 5 thicker the coupling through them is reduced and the value
of T, for thin M/TaM layers is reduced due to the impend-
=0+, 2 ing localization transition.

*Present address: CSIRO Division of Applied Physics PO Box (1967; E. N. Economou and K. L. Ngai, Solid State Commun.
218, Lindfield, NSW 2070, Australia. 17, 1155(1975.

1D. Neerinck, K. Temst, M. Baert, E. Osquiguil, C. Van Haesen- 7s. Chakravarty, A. Sudhd®. W. Anderson, and S. Strong, Sci-
donck, Y. Bruynseraede, A. Gilabert, and I. K. Schuller, Phys.  ence 261, 337 (1993; S. Chakravarty and P. W. Anderson,
Rev. Lett. 67, 2577 (1991); P. Koorevaar, P. H. Kes, A. E. Phys. Rev. Lett72, 3859(1994).
Koshelev, and J. Aarts, Phys. Rev. L@, 3250(1994; Super-  8g v, M. williams, A. Bittar, and H. J. Trodahl, J. Appl. Phys.
conducting Superlattices and Multilayersdited by |. Bozonc, 64, 5148(1988.

. SPIE Proc. Vol. 2157SPIE, Bellingham, WA, 1994 9p. Belitz and T. R. Kirkpatrick, Rev. Mod. Phy66, 261 (1994);
V. M. Krasnov, A. E. Kovalev, V. A. Oboznov, and V. V. Rya- T.V. Ramakrishnan, Phys. S&F27, 24 (1989

zanov, Physica @15 265 (1993; M. L. Wilson and J. A. 4 .
Cowen, Phys. Rev. B9, 6228(1994. S. T. Ruggiero, T. W. Barbee, Jr., and M. R. Beasley, Phys. Rev.
B 26, 4894(1982.

3D. G. Steel, W. R. White, and J. M. Graybeal, Phys. Rev. Le’[t.11

71, 161(1993. A. K. Ghosh and D. H. Douglass, J. Low Temp. Phgg, 487
4S. Kumar and H. J. Trodahl, J. Appl. Phy&s, 1761(1993. (1977; C. M. Knoedler and D. H. Douglassbid. 37, 189
SH. L. Johnson and H. J. Trodahl, J. Phys: Condens. Matter (1979.

1159(1995. 12p_G. de Gennes, Rev. Mod. Phg8, 225(1964).

6M. H. Cohen and D. H. Douglass, Jr., Phys. Rev. L#¢. 118 133, Takahashi and M. Tachiki, Phys. Rev3B, 4620(1986.



15230 H. J. TRODAHL et al. 53

1A, Lodder and R. T. W. Koperdraad, Physica2@2, 81 (1993. 17A. B. Kaiser and M. J. Zuckermann, Phys. Rev1R29(1970;
15A. A. Golubov, inSuperconducting Superlattices and Multilayers ~ A. B. Kaiser, Ph.D. thesis, University of London, 1971.
(Ref. 1), p. 353. 18M. Abramowitz and I. A. StegunHandbook of Mathematical

8w, L. McMillan, Phys. Rev.175, 542 (1968. Functions(Dover, New York, 1965 p. 258.



