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• SUPERCONDUCTIVITY IN ARTIFICIAL Nb/Cu HETEROSTRUCTURES* '

Charles M. Falco(a) and Ivan K. Schuller(b)

(a) Departments of Physics and Optical Sciences and Arizona Research Labora-
tories, University of Arizona, Tucson, Arizona 85721

(b) Argonne National Laboratory, Argonne, Illinois 60439

Transport and tunneling measurements of artificially prepared Nb/Cu hetero-
structures have been made. Samples studied had individual layers in the range
3.6-5000 R with total thickness - 1 um. The dependence of Tc above 300 A layer
thickness agrees well with proximity effect theory with no adjustable param-
eters. Below 300 A the data indicate the Tc of Nb decreases with layer thick-
ness. The coupling strength 2&/kTc exhibits a continuous decrease from the
strong coupled value of " 3.8 (thick layers) toward the weak coupled value of
- 3.5 (thin layers). No evidence is found for a change in the Nb LA and TA
phonons energies from their bulk values down to ~ 10 A. These results, in
conjunction with Brillouin scattering measurements of zone center phonons, imply
large changes in the phonon dispersion relation as a function of layer thickness
in these materials.

I . INTRODUCTION

Techniques for reliably preparing a r t i f i c i a l l y layered metals by sputtering
have recently been developed (Schuller and Falco 1979). Superconductivity
should be a good probe for investigation of possible manifestations of superlat-
t ice effects on physical properties of these materials since the relevant length
scale, the coherence length, is longer than typical layer thickness. Interest-
ing ef fects are expected due to the modulation of properties imposed by the
layering process. These include the possible development of new in ter fac ia l
phonons, the existence of quasiparticle states inside the forbidden supercon-
ducting gap, etc. In order to investigate some of these problems we have
performed an extensive series of studies using Nb/Cu heterostructures.

II. SAMPLE PREPARATION

The Nb/Cu heterostructures were prepared by a sputtering process described
in detai l elsewhere (Falco and Schuller 1982). \ery b r i e f l y summarizing th i s
technique, oriented single crystal sapphire substrates (c axis in the plane of
the substrate) were anchored to a variable speed ro ta t ing platform which moved
them al ternate ly between the two rate control led beams of sputtered Nb and Cu
(ra tes - 40 A/sec), In t h i s way samples o f i n d i v i d u a l l a y e r th ickness i n the
range 3.6 A-5000 A w i t h t o t a l f i l m th ickness - 1 pn were prepared. For a l l
results presented here, the Nb and Cu layer thicknesses were equal. A detai led
study of the X-ray s t r u c t u r e (Schu l le r 1980) shows t h a t samples w i t h l aye r
th ickness d above 10 A have long range coherence (> 10 s u p e r l a t t i c e l aye r
thicknesses) perpendicular to the layers (z-d i rect ion) and - 100 A c r y s t a l l i t e
size in the x-y plane of the f i lms . The X-ray d i f f r a c t i o n l ines became progres-
s ively broader for samples below th is thickness, ind icat ing that the material
becomes more and more disordered f o r the very t h i n l a ye r s . Bragg 8-26 X-ray
d i f f r ac t i on and/or mechanical f i l m thickness measurements (Sloan Dektac) were
used to determine individual layer thicknesses in the manner described previous-
l y (Schul ler 1980).

*Work supported by the U.S. Department of Energy.
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FIGURE 1. Dependence of Tc and energy gap of Nb/Cu heterostructures on
layer thickness. Solid line is fit of deGennes-Werthamer theory (described in
text).

I I I . T c DATA

Both Inductive and resistive Tc measurements were made, with agreement of
the two techniques to within a few mK (Banerjee, Yang, Falco and Schuiler 1982).
Each sample showed one sharp transit ion. Figure 1 shows that for thick layers a
Tc of 8.9 K characteristic of pure Nb is found, with Tc decreasing as the layer
thickness decreases until i t saturates at - 2.8 K for thin layers.

The deGennes-Werthamer (dGW) theory of the proximity e f fec t (deGennes and
Guyon 1963; Werthamer 1963) has been used to analyze this data. The solid l ine
in Figure 1 is a no adjustable parameter f i t of the dGW theory to our data. I t
can be seen that deviations between theory and experiment begin to occur in the
region where d is becoming comparable to the superconducting coherence length
5S. However, i t has been shown (Hauser, Theuerer and Werthamer 1964) that the
dGW model i s s t i l l applicable for d < Cs. Thus our resul ts suggest that the
properties of very thin layers of Nb are different than the bulk values assumed
for ca lcu lat ing the sol id curve in Figure 1. Assuming the dGW model to be
applicable fpr d < 5S, and using the Tc of niobium as an adjustable parameter
for d < 300 A, allows us to extract the Tc of niobium as a funct ion of f i l m
thickness. This resu l t , shown in Figure 2, is compared to that of Wolf et a l .
(Wolf, Kennedy and Nisenoff 1976), where they measured Tc's of single evaporated
fi lms of Nb of various thicknesses. The reduced Tc of their thin f i lms, Wolf et
al . conjectured, was due to contamination of the surface layer, which becomes
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FIGURE 2. O— intrinsic Tc of thin Nb layer inferred from fit of deGennes-
Werthamer theory to Nb/Cu heterostructure data. A — data of Wolf efc al. (Wolf,
Kennedy and Nisenoff 1976) on single Nb thin films.

increasingly important as the fi lms are made thinner. Results of Auger spec-
troscopy on our layered samples ( to ta l thickness alv/ays - 1 urn) show we have
reasonably well-separated layers with clean interfaces and negligible contamina-
t ion. Our data then imply that the Nb Tc decreases with decreasing layer thick-
ness down to at least 17 A. Since, as shown by Figure 3, the r e s i s t i v i t y
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FIGURE 3. Electrical resistivity (measured at 50 K) times layer thickness
vs. layer thickness for a series of Nb/Cu heterostructures. Data plotted on
log-log scales for convenience in presentation. Solid line provided as a guide
to the eye is a straight line on a linear plot.

increases l inearly with decreasing layer thickness down to at least 10 Jl, this
is in qualitative agreement with the idea that the density of states is affected
by the decrease in the mean free path.

IV. TUNNELING RESULTS

Tunneling studies were performed on samples prepared in an identical manner
to that described above (Yang, Falco and Schuller 1982). The only exception is
that in order to use a technique pioneered by Wolf et a l . (Wolf, Zasadzinski,
Osmun and Arnold 1980), immediately after the f inal Nb layer of each multilayer
was prepared, the Ar sputtering gas was pumped from the chamber and a thin (20-
80 A) aluminum overlayer evaporated. The total time elapsed between deposition
of the f i na l Nb layer and overcoating with the Al overlayer was less than 2
minutes. The tunneling barr ier was then formed by 1-2 days oxidation in the
laboratory environment. After th is , the sample was placed in another deposition
system and a counter electrode ( In , Pb or Ag) evaporated. A l l the data pre-
sented here are from junctions which sat is fy the generally accepted "Rowell"
re l iab i l i t y cr i ter ia (Rowel 1 1969).

The energy gap dependence on layer thickness is essentially the same as the
Tc dependence, as can be seen from Figure 1. Also note that these resul ts (as
are al l our measurements) are independent of the thickness of the Al overlayer.
Consequently the coupling strength (2A/kTc) exhibi ts l i t t l e va r ia t ion ; de-
creasing from -3.8 for th ick layers to si igh t l y less than -3.5 for th in
layers. However, the scatter in the data is too large to derive more quant i ty
t ive conclusions from these data.
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FIGURE 4. Second harmonic "d2v/dl^" vs. V curves for a 25 I layer thickness
Nb/Cu heterostructure and a pure Nb film.

Tunneling is also an ideal probe for the observation of phonons in metals
(McMillan and Rowell 1969), which w i l l be observable as structure in d2v/dl2 vs.
V character is t ics. Figure 4 shows the measured second harmonic d2v/dl2 vs. V
curve for a 25 A Nb/Cu super! a t t i ce compared with that of pure Nb. The three
prominent features evident in these curves correspond to the longitudinal



acoustic (LA) phonon in aluminum (~ 37 mV), longitudinal acoustic (LA) phonon in
Nb (- 24 mV) and transverse acoustic (TA) phonon in Nb (- 17 mV). No other
phonon structure has been observed in our samples in the 0-50 mV energy region
studied. We note that the copper phonon at - 29 mV is very weak and is masked
by the large Al and Nb phonons.

The aluminum LA peak due to the th in overlayer applied to form the tunnel
junction serves a valuable role as an internal calibration for the positions and
amplitudes of the structures due to other phonons. The energy of the aluminum
structure should not shift as a function of layer thickness, irrespective of any
possible changes in the Nb/Cu phonons. In addition, the peak to peak amplitude
of the phonon structure is expected to scale to f i r s t order with A^, as has been
shown earlier for a variety of systems in a proximity configuration (Chaikin,
Arnold and Hansma 1977; Donovan-Vojtovic, Schuller and Chaikin 1979). As shown
in Figure 5, this result is also observed experimentally, with data spanning an
order of magnitude in A^ (and amplitude).

TJje Nb phonon peaks only s l i gh t l y broaden down to layer thicknesses of
- 32 A but do not shift in energy (Yang, Falco and Schuller 1982). This broad-
ening causes the LA phonon to be lost in the background for the thinnest layer
sample studied of 10.5 5L However, even for this sample there is no evidence
for a sh i f t in energy. The observation of bulk l i ke phonons down to layer
thicknesses of 10 A might seem somewhat surprising at f i r s t unti l i t is noted
that, since superconductivity mainly samples 2kp phonons, one would not expect
to see changes un t i l the thicknesses become comparable to 1/kp (- one l a t t i c e
spacing).

We have shown earlier using Bri l louin l ight scattering that the zone center
acoustic phonon exhibits a 1 ajfge decrease .(20%) in i t s velocity for layer thick-
nesses centered around - 10 A (Kueny et a l . 1982). This result, in conjunction
with the tunneling measurements discussed above showing that the zone boundary
phonons are pinned at a f ixed energy indspendent of layer thickness, implies
that the dispersion relation shows an anomalous "kink" at thicknesses of - 10 A\

Many high Tc d- and f-band superconductors exhibit phonon anomalies, and i t
has been shown that Tc is related to these anomalies (see for example various

FIGURE 5. Peak-to-peak amplitude of phonon structure in second harmonic
curves vs. energy gap for a series of Nb/Cu heterostructures.



art ic les in Douglass 1976). Theoretical work has shown that there is a tendency
towards the formation of a charge density wave in systems where there is a high
density of states at the Fermi surface ( fo r a recent review see Sinha 1980).
The strong electron-phonon coupling in these materials can allow these charge
fluctuations to give r ise to anomalous phonon dispersion and sometimes to cause
structural phase changes. In the flb/Cu heterostructure system a charge density
wave is a r t i f i c i a l l y imposed on the l a t t i c e due to the per iodic composit ion
modulation. I t is interesting to note that the X-ray l i ne widths star t showing
considerable broadening around layer thicknesses of.d - 10 A, i nd i ca t i ng tha t
structural changes are taking place below th is thickness.

V. SUMMARY

We have investigated the superconducting properties of a new class of a r t i -
f i c i a l l y prepared layered metals, exh ib i t ing i n te res t i ng physical p roper t ies .
The physical properties can be varied by alter ing the layer thickness, making
these materials ideal for a number of studies.
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