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We obtain bce-bee Mo-Ta superlattices in the modulation wavelength range 16-450 A. The x-
ray analysis shows long structural coherence even in the short-modulation-wavelength limit, and the
resistivity data are in the metallic regime. We find the “universal” behavior of the T, versus p curve
already seen in other metals, compounds, and alloys and, for superlattices in the range 50-250 A,
the dV /dI versus V characteristics show a double-peak structure. The temperature behavior of

these peaks is fitted by a two-band model and by a proximity-effect theory.

The structural, electronic, magnetic, and supercon-
ducting properties of different metallic superlattices have
been intensively studied in the last few years.! Various
combinations of elements, alloys, and compounds have
been investigated, showing very interesting effects related
to the layered structure, such as dimensional cross-
over’™7 or the influence of the proximity effect on the
critical temperature T, and the energy gapt~12

Ideal superlattice structures are obtained from alter-
nating layers of two different materials, with sharp inter-
faces and long-range structural coherence both in the
perpendicular and parallel directions relative to the plane
of the substrate. The interdiffusion and the growth of in-
terfacial alloys obviously destroy the perfect periodicity,
especially in the range of short-modulation wavelengths.

Recently bec-bcc Mo-Ta superlattices prepared by
sputtering'® have shown structural coherence even in the
monolayer limit with alternating individual atomic planes
of Mo and Ta.

We have studied electronic and superconducting prop-
erties of Mo-Ta superlatticeso in the modulation wave-
length range from 16 to 450 A with the use of structural
analysis along with critical temperature, tunneling, and
resistivity measurements. We found a “universal” char-
acter of the critical temperature T, as a function of the
resistivity and we observed a double-peak structure in the
dV /dl versus V characteristics of Mo-Ta based tunnel
junctions in the 50-250-A wavelength range. The tem-
perature behavior of these two peaks was fitted both by
proximity-effect theory and by two-band theory.

The layered samples were prepared with modulation
such that a period consists of an equal integer number n
of atomic planes of Mo and Ta, i.e., A=n [d(Mo)+d(Ta)],
where A is the modulation wavelength and d(Mo), d(Ta)
are, respectively, the interatomic distances in the actual
growth direction for the Mo and Ta layers.

The Mo-Ta superlattices were deposited on sapphire
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substrates using magnetically enhanced dc triode sputter-
ing,'* with a rotating platform alternately passing over
the targets. Typical pressures before sputtering were in
the low 107 "-Torr range and the argon pressure during
the sputtering was ~ 5 mTorr. Microprocessor control of
the platform rotation speed and feedback control of the
sputtering rates enable constant layer thicknesses to
10.3% during a deposition run.

A Bragg-Bentano geometry x-ray diffractometer with
Cu K« radiation was used to measure directly the modu-
lation wavelengths for samples with A up to 150 A. For
thicker wavelengths the x-ray patterns showed two
separated peaks indicating a [110] preferential growth
direction for both Mo and Ta layers. In this range of
values the wavelengths were calculated from the speed of
the substrate table, where the calibration thicknesses
were obtained using a Mirau interferometer.

In Fig. 1, as an example, the x-ray pattern of a sample
with A=87 A is shown. After the instrumental broaden-
ing has been deconvoluted, the structural coherence
length perpendicular to the plane of the film was deter-
mined using the Scherrer equation.!* Generally this
value is 4-5 times the wavelength A of the sample. A
similar method scattering off the (211) planes was used to
determine the in-plane structural coherence length to be
~300 A.

The resistively measured superconducting transition
temperatures were sharp, with AT, <0.05 K. In Fig. 2,
T, as a function of the modulation wavelength is shown.
Some of the superlattices were prepared under inferior
sputtering conditions and are represented by the triangles
in Figs. 2 and 3.

Generally the de Gennes—Werthamer (dGW)
proximity-effect theory'®!” well describes the decrease of
T, with A in the region where A/2 is larger compared to
the superconducting coherence length. For the data in
Fig. 2, T, falls off faster and to a lower value than the
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FIG. 1. 6-26° x-ray diffraction pattern of a Mo-Ta superlat-
tice with A=87 A,
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FIG. 2. Critical temperature T, of Mo-Ta superlattices as a
function of the modulation wavelength A. The triangles are the
T, values of samples fabricated under inferior sputtering condi-
tions.
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FIG. 3. Critical temperature T, vs the electrical resistivity p
at 4.2 K. The meaning of the symbols is the same as in Fig, 2.
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value of ~3.2 K predicted by the dGW theory using bulk
T, and resistivity data. This deviation can be related to a
shortened electronic mean free path causing a smeared
density of states which determines a lowering in the den-
sity of states value at the Fermi energy.!

The electrical resistivity p of our samples was mea-
sured using a standard four-probe technique. The values
were always in the metallic regime and the residual resis-
tivity ratio, defined as B=R(300 K)/R(4.2 K) was
~1.2-14 for all the wavelength values investigated.
The behavior of p as a function of the wavelength A
confirmed a strong coupling between layers, with a high
probability of the coherent passage of an electron across
the interface.!

The samples fabricated under inferior sputtering condi-
tions had higher values of the resistivity and lower values
of T, compared to the better samples with the same
wavelengths. In Fig. 3 the critical temperature versus the
resistivity at 4.2 K is plotted for all the Mo-Ta superlat-
tices produced. The experimental points lay all on the
same curve, showing the universal behavior of T, versus
p already found in A15 compounds, transition metals,
and alloys.” 2! This result indicates that, even for su-
perlattices with a short-modulation wavelength, the resis-
tivity is the single property relevant for determining T,.

High-quality tunnel junctions were realized using two
different procedures. In the first the Mo-Ta films were
chemically etched to define a reliable base electrode
geometry and then were sputter cleaned in an rf diode
sputtering system with an argon pressure of 3.5 mTorr.
All of the superlattices had a topmost layer of ~200 A of
Ta. After the sputter cleaning process approximately 150
A of the top Ta layer was removed and the remainder
was oxidized by heating the samples at 200°C for 30 sec.
In the second procedure the samples were masked during
the deposition and the geometrical definition of the tun-
nel junctions was obtained by a collodion technique after
a thermal oxidation of several days at room temperature.
In both procedures the second electrode was a thermal
evaporated Pb film approximately 5000 A thick.

In Fig. 4, is shown the I-V characteristics of a tunnel
junction at 1.5 K for a superlattice with A=58 A as base
electrode. Both procedures resulted in tunnel junctions
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FIG. 4. IV characteristic at T=15 K of a (Mo-
Ta)/Ta,O,/Pb tunnel junction. The superlattice used as a base
electrode has A =58 A.
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with very low leakage currents. The typical knee struc-
ture generally related to the proximity effect was always
absent.

Standard tunneling techniques?? were used to measure
the dV /dI versus ¥ curve of our junctions in order to ob-
tain the energy-gap values. Assuming the energy gap of
Pb at T=0, Ap,(0)=1.32 meV, we calculated the value of
the coupling strength constant, 2A(0)/kyT,, for our Mo-
Ta superlattices to be ~3.5. When the double-peak
structure was present the two values of the coupling
strength constant 2A,(0)/ky T, and 2A,(0)/kg T, were
generally, respectively, around 3 and 4. At higher volt-
ages, no superlattice phonon structures were detected
confirming the weak coupling nature of the Mo-Ta super-
conducting superlattices.

In the modulation wavelength range 50-250 A the
dV /dI versus V curves showed a double-peak structure,
as illustrated in Fig. 5 for a sample with A=82.2 A. The
appearance of the double peak was independent of the
normal resistance values of our junctions. We fitted the
temperature behavior of these peaks using both
proximity-effect theory®® and two-band theory.* In Fig.
6, the temperature behavior of the two peaks for a super-
lattice with A=175 A is shown. The solid lines represent
the best theoretical fit obtained using a proximity-effect
theory.

We calculated the quasiparticle density of states
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FIG.5. —dV/dIvs voltage V characteristicat T=1.5K of a
superlattice with-A=82 A, showing the double-peak structure.
The energy gap of Pb has been subtracted from the x scale.
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FIG. 6. Double-peak voltages as a function of the tempera-
ture of a superlattice with A=175 A. The solid lines are the
best theoretical fit obtained with the proximity-effect theory
(Refs. 23 and 25) using 'y =0.035, [s=0.14, Apo=0.1971,
A1,=0.22, and the bulk Debye temperatures.

from the self-consistency conditions for the BCS poten-
tials at temperature T=£0,2° obtaining the temperature
behavior of the double peaks in N,(E). Values of the
molybdenum Ay, and tantalum Ar, electron-phonon cou-
pling constants were found to be very close to those cal-
culated using bulk data from the BCS equation for T,.25
The best fit of our experimental curves was achieved with
I'y=0.035and I'g=0.14.

Figure 7 shows a curve of the quasiparticle density of
states N (E) as a function of the energy E, calculated us-
ing T =0.001 and I';=0.21. The agreement with the
data shown in Fig. 5 is good.

In Fig. 8, the experimental data of the two peaks as a
function of the temperature are shown for a superlattice
with A=50 A. In this case the solid lines are the best
theoretical fit obtained by a two-band theory.

Indicating with 4 and B the gaps associated with the
two bands, from the self-consistency conditions®* we can
write
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FIG. 7. The inverse of the quasiparticle density of states vs E
by the proximity-effect theory (Refs. 23 and 25) using
I'y=0.001 and I's =0.21.
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FIG. 8. Double-peak voltages as a function of the tempera-
ture of a superlattice with A=50 A. The solid lines are the best
theoretical fit using a two-band model (Ref. 24) with V' 4 =0.83,
V=10, and an averaged Debye temperature of 359 K.

B=AV A F(A)+(A/Vp)[1—-A F(A)], 2)

where A, =Ag5=Ngs(0)¥Vs is the electron-phonon cou-
pling constant for the s band electrons, V 4=Vsa/ Vs
and Vp=Vg;/V,y, where Vs, V,,, and V, are the aver-
aged interaction energies, respectively, for s band, d band,
and s-d processes, and F( 4) is defined as

(82+ A2)1/2
2k, T

kgdp

Fla=[ :

(£2+A2)1/2

tanh de, (3)

where ¢, is the Debye temperature.

From the BCS equation for T, we calculated A 4 using
the measured critical temperature and an averaged bulk
Debye temperature of 359 K.*?3 We obtained the best fit
for our experimental data with ¥, =0.83 and ¥, =10.

In Fig. 9 is shown the best theoretical fit for the super-
lattice with A=175 A, obtained from the two-band
theory with ¥, =1.22 and V;=0.34.

The possibility of fitting our experimental data by us-
ing a two-band theory and a proximity-effect theory
could be related to a similarity between the Hamiltonians
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FIG. 9. Double-peak voltages vs temperatures of the same
superlattice in Fig. 6. The solid lines represent the best fit using
a two-band theory (Ref. 24) with ¥V, =1.22, ¥;=0.34, and an
averaged Debye temperature of 359 K.

used in these theories. More detailed studies on this sub-
ject are in progress.

In conclusion, we fabricated bee-becc Mo-Ta superlat-
tices in the modulation wavelength range 16-450 A with
an equal number of atomic planes inside the single layers.
The x-ray analysis indicated long structural coherence
even in the limit of short-modulation wavelength, and the
resistivity values were always in the metallic regime.

We realized high-quality tunnel junctions with two
different procedures and the 2A(0)/k, T, value was mea-
sured to be around 3.5 in all the Mo-Ta films. The T,
versus p curve showed a universal behavior and the
dV /dI versus V curves for samples in the A range 50-250
A showed a double-peak structure. The temperature be-
havior of these peaks was equally well fitted by using a
two-band theory and a proximity-effect theory.
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