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Nb-Ta multilayered films prepared by rnagnetron sputtering have been studied by critical-field
measurements. We have examined the effects of substrate orientation and deposition temperature
on the properties of the films. Three-dimensional to two-dimensional crossover is observed. For
films with larger Nb layer thicknesses an additional transition in H, &~I

at lower temperatures is ob-
served which cannot be accounted for by the interfacial regions.

Since the original work on Nb-Ta multilayers by Dur-
bin et al. ,' it has been recognized that this system is the
closest realization of a perfect metallic superlattice. Out-
side of the tunneling studies of Hertel et al. , very little
work has been done on the superconducting properties of
the system. Encouraged by the work of Nb-Cu (Ref. 4)
and Nb-Ti (Ref. 5), we have undertaken a study of the
critical fields of the Nb-Ta system in order to examine the
. . . S-S'-S-S'. . . multilayer where S and S' denote su-
perconductors. We have measured perpendicular and
parallel critical fields and their angular dependence for
several Nb-Ta multilayers. In addition we examine our
results in light of the theoretical analysis of Biagi et al.

The multilayers were prepared by magnetron sputtering
from separate Nb and Ta sources onto different orienta-
tions of epitaxially polished sapphire substrates. The sub-
strates were clamped to a heated platform that allowed us
to vary the deposition temperature, TD, from 600 to
800'C. The entire assembly was driven by a computer-
controlled stepping motor which alternately moved the
substrates through the separate deposition plasmas. The
initial and final layers of the samples were tantalum, ex-
cept for those used to study the dependence on substrate
orientation and deposition temperature, which had niobi-
um as the initial layer. The background pressure, Pz, was
less than 10 Torr with N2 and H2 being the predorn-
inant residual gases. H20 was removed by a liquid-
nitrogen-cooled Meissner trap. The argon pressure used
during sputtering was 2 mTorr, and the deposition rates
were typically 10—15 A/sec.

The samples were initially characterized by x-ray dif-
fraction and electrical resistivity measurements. Table I
gives a relevant listing of the samples in this study. As in
previous studies of the Nb-Ta system, ' we find epitaxial
growth onto the substrates and a single-crystal-type dif-
fraction profile. However, we find that we can achieve
this without the more stringent condition needed in the
previous studies, i.e., Pz &10 Torr from the study by
Durbin et al. or TD &800 C from the study by Hertel
et al.

The x-ray analysis on our samples was carried out with
a four-circle Picker diffractometer and a Read camera
using Cu Ka radiation. The Read photographs demon-
strate that the multilayers grow epitaxially on the sap-
phire substrates, with the sample reflections being only
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FIG. 1. X-ray scans along the growth direction on sample 4
with A=41 A grown on (1102) sapphire for (a) low-angle satel-
lites and (b) around the (200) Bragg reflection for Nb and Ta.

slightly larger than the substrate reflections. Table I lists
the rocking curve widths for the main Bragg peaks of the
samples: (200) for the (1102) sapphire, (110) for the (1120)
sapphire, and (222) for the (0001) sapphire. These are
comparable to the study by Hertel but are somewhat
larger than the work by Durbin.

Figure 1 shows the diffractometer scans for sample 4
with A=41 A deposited on (1102) sapphire for both the
low-angle satellites and the satellites around the main
Bragg peak. The layered nature of the sample is clearly
seen, with 6 orders of low-angle reflections and 4 sets of
satellites around the (200) reflection. Analysis of the x-
ray intensities of the low-angle reflections using the model
of Kwo et al. (after accounting for Lorentz-polarization,
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TABLE I. Nb-Ta multilayer sample parameters. Here A=dNb+d~„where d (in A) is the ideal individual layer thickness of Nb
and Ta, respectively (neglecting interfacial effects) and t is the total multilayer thickness. RRR is the residual resistivity ratio, and

is the rocking curve full width at half maximum.

Sample no.

1a
1b
1c

2a
2b
2c

Alp03

1102
1120
0001

1102
1120
0001

1102

1102

1102

1102

1102

1102

1102

TD ('C)

750

750

750

650

750

750

750

A (A)

193

41

41

1010

780

575

dNb/dg,

20/24

85/108

20.5/20. 5

20.5/20. 5

20.5/20. 5

20.5/20. 5

490/520

290/490

98/477

t(A)

3960

9650

4100

4100

4100

4100

5200

5080

RRR

4.70
4.14
4.56

12.5
11.0
13.2

5.00

5.09

5.07

5.10

42.7

26.6

19.4

Ip (A)

100
87
99

320
280
340

110

110

110

110

1200

710

510

Ace (deg)

0.57
0.58
0.42

0.56

0.44

0.44

0.55

0.52

0.46

0.53

absorption, and Debye-Wailer effects) indicates that the
interface width (defined as the distance where the tan-
talum concentration changes from 10%%uo to 90%) is ( 8 A.
This width is comparable to the study by Hertel, but is
large than the value estimated by Durbin (4.5 A). The
reason for this difference may be due to the sputtering ki-
netics, ' since in our sputtering geometry the
(pressure) X (distance) product is 15 cm mTorr, a very
small value, and there is essentially no thermalization of
the sputtered atoms.

The electrical resistivity of the samples was measured
by the van de Pauw technique" with sample thickness
measured by a depth profilometer. The results are listed
in Table I. Using the value for the average renormalized
Fermi velocity for niobium, ' we can calculate a value of
pl of 370 (@fan cm) A, where p is the electrical resistivity in
pQcm and l is the electron mean free path in A. This
value is very close to that obtained by Mayadas et al. '

and is of the same order as that assumed by Hertel [ =420
(pQcm) A]. However it is much smaller than that used
in the analysis of Durbin' [=1200 (pQcm) A], which
was calculated using free-electron values for niobium and
assuming 1 electron/atom in the conduction band. Our
value was used to calculate Io, the mean free path at low

temperatures, shown in Table I. Even using this simple
approach, we see that the mean free paths exceed A for all
our samples. For comparison, homogeneous Nbo 5Tao 5

alloys prepared in our system have a low-temperature
mean free path of =40 A. The low temperature resistivi-
ty can also be a sensitive indication of the pressure of resi-
dual gases. For our pure niobium films, the resulting Io is
4000 A, of the order of the film thickness, indicating that
scattering from surfaces is the predominant mechanism,
not impurities. For pure tantalum films, on the other
hand, Io is a factor of 5 smaller. This value, however,
agrees with that found by Durbin' for a pure tantalum

A1203

TABLE II ~ Critical-field dependence on substrate.

Samples la, 1b, and 1c; A=44 A.
T, (K) —H,'2~(T, ) (Oe/K)

1102
1120
0001

6.08
6.18
6.04

1410
1680
1440

film (residual resistivity ratio of 25), indicating this small-
er mean free path may be intrinsic to tantalum.

The samples were patterned with four leads in order to
measure critical fields and were mounted onto a copper
platform whose temperature was measured by a calibrated
carbon glass thermometer. A current density of 30
A/cm was used and the transition was determined by ei-
ther sweeping temperature or magnetic field. H, 2(T) is
defined consistently as R(H, T)=0.5R~, where R is the
sample resistance and R& is the normal-state resistance at
low temperatures.

We first determined the effect of substrate orientation
and deposition temperature on the film properties. Sarn-
ples 1 and 2 were used to study the effect of orientation.
These films have A=44 and 193 A, respectively and were
grown at 750 C. The x-ray and transport measurements
show no clear preference for the best type of growth, as
shown in Table I, although the (1120) sapphire (or [110]
growth) is uniformly poorer. This is different from our
results on pure Nb films, which have a clear preference
for (1102) sapphire (or [100] growth) but agrees with the
results for pure Ta films. The critical field results for
A=44 A, listed in Table II, show that the (1120) sample,
which has a higher po and a higher T„consequently has a
higher perpendicular field slope. The Ginzburg-Landau
coherence length for these samples as derived from the
critical field slope is goL~~(0) = 190 A. The parallel
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Sample no. dg, (A)

TABLE III. Critical-field data for samples 7, 8, and 9.

(A) r, (K) Hcavy(T ) (Oe/K) —H,'~~~(T, ) (Oe/K)

520
490
477

490
290

98

7.69
6.95
5.57

484
560
508

765
736
596

critical-field slopes for these samples are all 1.6—1.7 times
the perpendicular slopes which may indicate H, 3 effects,
as expected since these samples had Nb as the initial
growth layer.

The effect of substrate temperature was examined with
samples 3, 4, 5, and 6, which had A=41 A and were
deposited on (1102) sapphires at temperatures of
650—800 C. From Table I, the variation in properties is
even smaller than that between different substrates. The
variation in critical-field properties was also small, with
T, =6.48+0.03 K and —dH, z~/dT

~ z
——1380+40 Oe/K

for all four samples.
Typical temperature dependence of the perpendicular

critical field for these samples is shown in Fig. 2, where
the data for samples 1 and 2 on (1102) sapphire is plotted.
These samples show linear behavior far below t =1 and
cannot be fit within the context of the Werthamer, Hef-
land, Hohenberg, and Maki (WHHM) theory. ' ' At-
tempts have been made to fit these results to the theory of
Biagi, Kogan, and Clem for metallic multilayers; howev-
er, this is a theory valid for the dirty limit. The measure
of how dirty a sample is, in the superconducting sense, is
given by A transport, defined by

~~—0.882gp/lp

where gp is the BCS coherence length. For these samples,

4000

A,„,„,~„&5, and the second-order corrections to the
theory' are significant.

In order to look at dimensional crossover effects we
deposited three samples (nos. 7, 8, and 9) with nearly con-
stant Ta thickness (d&, -500 A) and varying Nb thick-
ness (dNb from 98 to 490 A). These samples have large
resistivity ratios and as such cannot be examined by the
theory of Biagi et al. The reduced perpendicular critical
fields are shown in Fig. 3, and the relevant parameters are
in Table III. Clearly the positive curvature increases as
dNb increases in these samples, which may be due to the
Nb layer becoming cleaner or a simple effect of the mul-
tilayering. Other explanations of positive curvature usual-
ly describe curvature close to t =1. In our work, the cur-
vature is clearly below t =0.85. For comparison, Fig. 3
also shows the reduced field data for a Nb sample with a
residual resistivity ratio (RRR) of 160, T, =9.22 K and a
critical field slope of 512 Oe/K. The similarity between
these data and the multilayer data strongly suggests that
the positive curvature in the multilayers is an effect of the
clean niobium layers. Obviously, any attempt to fit the
data in this limit will require not only an extension to-
wards the clean limit, but an inclusion of the effects of
niobium's anisotropic Fermi surface.

The parallel critical-field data for the dNb ——98 A sam-
ple are shown in Fig. 4. The data show behavior typical
of a three-dimensional to two-dimensional (3D~2D)
transition. We use the standard definitions of the coher-
ence lengths of anisotropic superconductors, '
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FIG. 2. Perpendicular upper-critical field versus reduced
temperature for samples la (A =44 A) and 2a (A = 193 A)
grown on (1102) sapphire. The lines are a linear extrapolation
of the data near t = 1.

FIG. 3. Reduced perpendicular critical field versus reduced
temperature for samples 7 (dNb ——490 A), 8 (dNb ——290 A), and 9
(dNb ——98 A). Also included are the results for a pure Nb film
with RRR equal to 160. The line is a linear extrapolation of the
data near: = l.
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FIG. 4. Parallel upper-critical field versus temperature for
sample 9 (dNb ——98 A). The line is a fit to the 2D equation (1).
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FIG. 5. Parallel upper-critical field versus reduced tempera-
ture for samples 7 (d~=490 A) and 8 (d» ——290 A). Notice
there are two transitions for each sample, with the 3D~2D
transition occurring at t =0.8—0.9.

0

2m' 2i

' 1/2
sample. For an anisotropic superconductor, the angular
dependence would obey

Wc2l
22@He

1/2 H, pg(T)
Hc'(T, O) =

[(m/M)sin 8+cos 8]''
where

(2)

where Po is the flux constant. We can fit the 2D region of
the data to the H, 2I~ equation for a film with d, less
than both goL(T) and AoL(T), where A.oz(T) is the
Csinzburg-Landau penetration depth,

~12$O
call —

2~(. d

(for a 2D film) for 2. 1 K & T &2.8 K as shown in Fig. 4.
This analysis gives an effective superconducting thickness
of 86 A and an effective transition temperature (T,*) of
3.6 K. At this temperature gz-350 A. Without a com-
plete theory for the metallic multilayers in a parallel field,
it is unclear what conclusions to draw from these nurn-
bers. Qualitatively one would expect a 3D~2D transi-
tion for gz~d, when gz goes from ~~d~ to «d~ (where
d, and d& are the superconducting and normal layer
thicknesses, respectively). In the theory of Klemm, Beas-
ley, and Luther ' for Josephson coupling the criterion is
+=A/v 2. For this sample the criterion would be 406
A, but one would not expect quantitative agreement for
this theory, since in our case the coupling is through the
proximity effect.

In Fig. 5 we plot the parallel critical field results for
the dNb ——290 A and 490 A samples. Whereas there was
one transition for the 98 A sample, these samples have
two transitions as the temperature decreases. We ascribe
the first transition to a 3D~2D crossover. To verify this,
we examined the angular dependence of the critical field
at different temperatures, shown in Fig. 6 for the 290 A

2
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For a 2D film, the angular dependence obeys
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FICz. 6. H, ~(0)/H, ~~ vs 0 for sample 8 (dNb ——290 A) at three
different reduced temperatures. The dashed lines are fits to the
angular dependence as follows: t =0.89 is fit to 3D equation
(2), t =0.72 is fit to the 2D equation {3), and t =0.49 is fit to
the result for surface state superconductivity (H, 3).
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H, z( T,O)cos8
+

H, zt(T)

Above the transition (t =0.89), the data follow an aniso-
tropic 3D fit with a zero slope at parallel field. Below the
transition (t =0.72) the data fit the 2D equation with a
cusplike behavior near parallel field. Therefore the first
transition is to a state where the Nb layers are uncoupled
and 2D-like.

At the lower transition ( t =0.49), H, z~~
has a sharp up-

turn with a local slope of =6—10 kOe/K. At this up-
turn, gt =200 A, and it would seem that the samples have
gone through a 3D~2D~low-temperature transition
where g~ is less than all known length scales. However,
the angular dependence in this region (shown in Fig. 6)
shows a sharp cusp about the parallel field. The data can-
not be fitted to either a 2D or surface-state angular depen-
dence and would seem to indicate that the superconduc-
tivity is localized to layers of relatively high H, z(T). The
rapid increase in the critical field near parallel field sug-
gests that accurate alignment with these thin supercon-
ducting layers is critical. The interfacial regions of vary-
ing Nb-Ta composition, which should have a high H, z,
are one possibility. However, we know that the interfacial
alloy region is less than 10 A from x-ray measurements,
and gt & 200 A at these temperatures, so substantial
averaging must be present. In addition, the NbTa alloys

typically have bulk upper critical-field slopes less than
2—3 kOe/K. Clearly the interfacial region is not the
cause of this second transition. We cannot fully explain
the nature of the superconductivity at these temperatures
without a more complete theory that examines the parallel
critical fields of a S-S' multilayered system.

In conclusion, we find that for sputtered Nb-Ta mul-
tilayers there is less of an effect of substrate orientation on
film quality than seen in the work of Durbin et al. For
deposition temperatures between 650 and 800'C, there is
no variation in film properties, in contrast to the work of
Hertel et al. H, zz exhibits positive curvature in all sam-
ples, which we feel is due in part to the layering and in
part to the intrinsic curvature in the H, z of Nb. 3D~2D
crossover behavior has been observed, and for those cases
when gt decreases below all length scales a further transi-
tion occurs that results in a dramatic increase in H, z~~.

The angular dependence at this transition is very sharply
peaked and cannot be accounted for by the thin alloy in-
terfacial layers, but may be due to the interplay between
the two superconducting layers.
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