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Upper critical fields of periodic and quasiperiodic Nb-Ta superlattices
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Upper critical fields have been studied for two series of Nb-Ta superlattices grown by molecular-
beam epitaxy with both periodic and quasiperiodic (Fibonacci sequence) layering. X-ray results are
presented to characterize the nature and quality of the layering. Positive curvature in the perpen-
dicular upper critical field (H,»), pronounced negative curvature near T, in the parallel upper criti-
cal field (H, 2~~), and dimensional crossover are observed in both types of samples. For quasiperiodic
samples two upturns are observed in H, 2~~

with decreasing temperature. These are shown to be asso-
ciated with dimensional crossover occurring twice as the superconducting coherence length in the
growth direction, g„samples the two length scales, 2d~b and d~b, that are present in these struc-
tures.

I. INTRODUCTION

Recent theoretical' and experimental ' efforts in
the study of artificially prepared multilayered supercon-
ductors have focused on S-N-S-N systems where
S and N denote superconducting and normal-metal or
lower- T, superconducting layers, respectively. This class
of superconducting materials is of intrinsic interest due to
the presence of strong proximity coupling between super-
conducting layers. The Nb-Ta system ' is of particular
interest because the close lattice match of the constitu-
ents provides for single-crystalline growth, and thus these
structures represent a close approximation to perfect me-
tallic superlattices.

Modern deposition techniques such as molecular-beam
epitaxy enable the tailoring of materials on a near-atomic
scale, and consequently the study of artificially layered
materials has become a vast field of research. In addition
to a large and growing body of experimental work on
periodically modulated structures, ' several recent stud-
ies have addressed quasiperiodic' ' and fractal' multi-
layering. Much of the current interest in such systems is
the belief that the character of electronic wave functions
in a one-dimensional quasiperiodic system interpolates
between the extended and localized states characteristic
of periodic and random systems, respectively. In this re-
gard, the high quality of the interfaces in Nb-Ta multilay-
ers make this system well suited to a study of the effects
of aperiodicity on transport properties. As far as super-
conductivity is concerned, there is a potentially rich
structure in the parallel upper critical field, H, 2~~.

Mea-
surements of H,

2~~
provide a direct probe of the interplay

between the superconducting coherence length in the
growth direction, gt, and the scale(s) associated with the
artificially imposed superlattice modulation. Anomalous
behaviors observed in periodic . - S-N-S-N . . multi-
layers include dimensional crossover' and effects associ-
ated with the commensurability of the vortex flux struc-
ture' with an underlying period in the superlattice.

In this paper we report measurements of parallel and
perpendicular upper critical fields in two series of Nb-Ta

superlattices with both periodic and quasiperiodic layer-
ing. Dimensional crossover occurs in both types of sam-
ples and the criterion g~ & A=d~b+dT, successfully pre-
dicts the dimensional effects. The presence of two Nb
length scales in the quasiperiodic samples results in two
upturns in H,

2~~
with decreasing temperature.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

The samples were deposited by molecular beam epitaxy
onto sapphire substrates with (110) orientation. Two
electron beam sources were used for evaporating Nb and
Ta in a preprogrammed sequence. In all cases, a 500-A
Ta layer was predeposited as a buffer and the final layers
for all samples were Ta. During deposition, the pressure
was kept below 10 Torr and the substrate temperature
was held at 850'C. The deposition rate was —1 A/sec.
The quasiperiodic samples were constructed from Nb and
Ta layers of thickness d~b and dT„respectively, stacked
according to a Fibonacci sequence as described previous-
ly by Merlin et al. ' The ratio of these building block
layers was chosen such that ~db/d, T=r:(1 +& )5—/.2
The layer thicknesses of periodic specimens were chosen
to provide approximately corresponding modulation
wavelengths for comparison. In the following discussion
we use the notation 55-34 when referring to the sample
with drab ——55 A and dT, ——34 A, etc. Table I lists the
values of some of the relevant parameters for the samples
studied.

All x-ray diffraction studies were carried out on four-
circle diffractometers. High resolution (001) scans (with
the scattering vector normal to the sample plane) were
performed with synchrotron radiation at the National
Synchrotron Light Source at Brookhaven National Labo-
ratory, and also with a rotating Mo-anode x-ray source
fitted with a Ge monochromator and analyzer. In-plane
scans were performed using the rotating Mo-anode
source with a graphite monochromator. This results in
lower instrumental resolution, but provides a high-
intensity penetrating beam which is necessary in order to

38 2326 1988 The American Physical Society



38 UPPER CRITICAL FIELDS OF PERIODIC AND. . . 2327

TABLE I. Some relevant parameters for Nb-Ta superlattices. The first four samples have periodic
layering, the latter four quasiperiodic (Fibonacci) layering.

Sample

dNb(A) /d T,(A)

20-20
80-80

125-90
180-110

Thickness

(A)

2000
1720
2500
5400

Rg

3.36
12.1
10.7
9.75

10

(.A)

80
310
260
254

T.
(K)

6.06
7.06
7.52
5.87

dHe2l ~dT
I T

C

(kG/K)

2.37
0.96
0.97
0.82

dH—„gldT
I T

'
(kG/K)

3.46
2.51
1.74
1.21

55-34
100-62
200-90

225-139

4180
2910
4360
6530

5.04
17.6
9.51

18.7

85
470
225
486

7.97
7.93
8.23
8.04

1.69
0.75
0.99
0.68

2.56
1.25
1.82
1.02

'Calculated from the linear portion of the curves at temperatures just below the negative curvature.

carry out these scans in transmission through the films
without removing them from the substrates. The in-
plane x-ray work will be reported in detail elsewhere, '

while here we address the results which are relevant to
the transport measurements.

In-plane (hk0) scans show that the samples are epitaxi-
al single crystals growing in the (110)orientation on (110}
sapphire, as found previously. ' All of the samples,
whether periodic or quasiperiodic, and regardless of layer
thickness, show the same in-plane structure, i.e., all sam-

ples are single crystals with the same epitaxial relation-
ship with respect to sapphire.

Out-of-plane c' scans through the in-plane Nb-Ta
(200) peak, such as that plotted in Fig. 1, clearly show su-

perlattice satellites and a central peak about 0.01 A
wide. These results indicate a high degree of stacking
coherence between atomic planes and a crystal coherence
length of n j0 01=30.0 A.

Out of plane (00l) scans reveal the nature of the layer-
, ing in the samples (either periodic or quasiperiodic) and
the magnitudes of both interfacial diffusion and fluctua-
tions in layer thicknesses. Layer thickness fluctuations
(deviations from perfect periodic or Fibonacci superlat-
tice ordering} arise from varying fiux rates from the elec-
tron beam sources during growth, while interlayer
diffusion is a consequence of the miscibility of Nb and Ta
at these growth'temperatures (850'C).

In Fig. 2 we show a high-resolution out-of-plane scan
for quasiperiodic sample 55-34. For all the quasiperiodic
specimens it is possible to index 4 or 5 of the most intense
satellites of the Nb-Ta (110) peak according to a scheme
previously reported' for x-ray scattering from quasi-
periodic samples. Here we do not attempt to index the
large number of weaker peaks which arise from the quasi-
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FIG. 1. (201) x-ray scan through the in-plane (200) metal

peak of periodic sample 125-90.

FIG. 2. High-resolution (001) scan for quasiperiodic sample
55-34. The labels [„]correspond to an indexing scheme (Ref.
16) for quasiperiodic structures in which the diffraction vectors
of the strongest peaks are k —ko ——(2m. /d)n v™,where ko ——2.691
A ' denotes the position of the main {110)metal peak.
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FIG. 3. {001)scan for periodic sample 20-20. The solid line
is a ht to a model incorporating both interdiffusion at the inter-
faces and layer thickness Auctuations. The inset shows the com-
position profile from the model fitting parameters.

periodic ordering. Additional diSculty in indexing the
peaks is associated with layering fluctuations and the lim-
ited number of Fibonacci building blocks present in these
samples. These effects lead to attenuation, broadening,
and a shift in position of the higher-order superlattice
peaks. Nevertheless, the quasiperiodic and periodic sam-
ples can be distinguished by the nature of the prominent
superlattice satellites, specifically by the appearance, in
quasiperiodic specimens, of a series of satellites at posi-
tions occurring as powers of r=(1+&5)/2 relative to
the main metal peak. '

The magnitudes of interfacial diffusion and layer thick-
ness fluctuations present in these samples have been es-
timated by matching the calculated scattering from a
model unit cell (with fluctuations) to that measured ex-
perimentally. The results are presented in Fig. 3 for sam-
ple 20-20. In this model' we build a unit cell of 20 bi-
layers into which we incorporate (i) interlayer diffusion
with an exponential profile (Fig. 3 inset) and (ii) varia-
tions in layer thickness with parabolic distributions about
the means. We obtain a reasonably good fit with the data
by using a diffusion layer thickness of approximately 9.5
A (about four monolayers) and deposition rate fluctua-
tions of 15%. For this 20-20 sample the rate fluctuations
amount to layer thickness uncertainties of about one
monolayer. The stacking coherence length of 300 A cal-
culated from the data for sample 125-90 (see Fig. 1) is
typical of the larger modulation wavelength specimens
and our estimates indicate that the magnitude of layer
thickness fluctuations for these structures is no more than
5%. We compare the diffusion layer thickness to previ-
ous estimates of 4.5 A at a growth temperature of
780'C, 6 A at 600'C, 8 A at 750'C, and 8.5 A at
850'C. There are apparent discrepancies among these

data which may be accounted for by differences among
the various studies in the interpretation of the x-ray data,
accurate substrate temperature measurement during
growth, total growth times, and interfacial compositional
roughness or terracing that may mimic interdiffusion.
Interfacial terrace formation may be related to vacuum
conditions during growth, with lower background pres-
sures favoring the formation of smoother interfacial sur-
faces.

For transport measurements, the samples were pat-
terned by cutting a bridge 15-mm long and 1-mm wide
with a diamond saw mounted on a manipulator. Stan-
dard four-probe electrical contacts were made with silver
epoxy to the topmost layer of the specimens. Measure-
ments were carried out in a conventional He cryostat
equipped with a 6-T split-coil superconducting magnet.
Mounted on a rotating platform, this magnet provided
fields in any orientation with respect to the layer planes
to an accuracy of +1/2'. dc measurements were per-
formed with a current density of 5 —15 A/cm . The
upper critical-field curves were determined at fixed mag-
netic field increments by adjusting temperature through
the transition with T, (H) defined by the 50% resistive
transition. Temperature was determined by a calibrated
carbon glass sensor.

The parallel resistance ratios, Rz —=p(300 K)/p(10 K),
and critical temperatures, T„ for our samples are listed
in Table I. Using a value of pl =370 pQ cm A, we have
also calculated low-temperature mean free paths, lo.
These values are a factor of 2—3 larger than dNb T, for all
samples, reflecting the relatively high quality of the inter-
faces in these superlattices. As expected for proximity
coupled systems, the critical temperatures are reduced
from the bulk Nb value of 9.3 K due to the proximity of
the lower-T, Ta layers (T,"'"=4.4 K). The T, 's of the
quasiperiodic samples are consistently higher than those
with periodic layering, presumably due to the larger Nb
fraction of the former. The critical temperature of sam-
ple 180-110 is, however, surprisingly low. The relatively
high Rz of this specimen, 9.75, indicates that it is
moderately clean in a superconducting sense [the dirty
limit applies for lp ((go where go is the Bardeen-Cooper-
Schrieffer (BCS) coherence length]. In spite of this, the
transition temperature is below the Cooper limit' esti-
mate of -6.6 K, valid for thin (go»d~z) bilayers in the
dirty limit. Indeed, the T, for 180-110 is even below that
of 20-20 which has a substantially lower RR. While we
expect alloy formation in the interfacial regions to be par-
ticularly important for 20-20, clearly this is not as impor-
tant for 180-110. An equally low T, was found by Dur-
bin for a Nb-Ta superlattice (A=85 A, Rz ——4.6), and
was attributed to oxygen impurities. Interstitial oxygen
increases resistivity and reduces T, (Ref. 21) in bulk Nb
at rates of 5.0 pQ cm/at. % and 0.9 K/at. %, respective-
ly. Though these rates have not been established for thin
films and multilayers, oxygen impurities could possibly
account for the lower T, of these specimens. We note,
however, that oxygen would also tend to enhance H, z,

'

yet the upper critical fields for 180-110appear consistent
with those of the other samples in the series. We have
also measured superconducting transition widths, defined
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by the 10—90% transition points. The zero-field values

range from 39 to 73 mK for periodic samples and are a
factor of 2—5 larger for quasiperiodic specimens. The
widths for both types of samples have an anomalous mag-
netic field dependence in both perpendicular and parallel
orientations, and will be discussed in detail elsewhere.

III. UPPER CRITICAL FIELDS

Perpendicular upper critical fields for several periodic
and quasiperiodic samples are plotted in reduced units in
Fig. 4. Sample 20-20 with the thinnest layers exhibits the
typical h ~1—t behavior expected for bulk, homogene-
ous superconductors. The other samples show a positive
curvature below t -0.85 that becomes more pronounced
with increasing layer thickness. A similar trend was re-
ported recently for periodic Nb-Ta multilayers with
larger modulation wavelengths. There it was suggested
that positive curvature is associated with clean Nb layers
and their characteristic Fermi surface anisotropy, thus
appearing enhanced for specimens with larger Nb layer
thickness. That this effect is more marked in quasi-
periodic samples 225-139 and 200-90 might be a conse-
quence of the presence of Nb layers of thickness 2dNb (as
well as dNb) along the Fibonacci chain, thus giving these
specimens effectively cleaner Nb layers. With this inter-
pretation the data of Fig. 4 tend to support the results of
Ref. 9.

I

Nb(A) -Ta(A)

Parallel critical fields for periodic and quasiperiodic
samples are shown in Figs. 5(a) and 5(b), respectively.
Evident in these data are negative curvature near t =1,
and upturns (marked by arrows) which are similar in
character to those typically associated with three-
dimensional to two-dimensional (3D~2D) transitions.
From anisotropic Ginzburg-Landau theory, 3 the upper
critical fields are expressed in terms of the parallel and
perpendicular coherence lengths by

0o

2nfii(T)fi(T)
'

4o
H, q~( T) =

2~)~~(T)

where Po is the flux quantum. In general, for an S Nsys--
tern one anticipates a 3D~2D transition for gj &ds
when g~ goes from &&d~, where the S layers are strongly
coupled, to «d~, where they behave independently.
Except for the negative curvature near T„which we ad-
dress below, the thin-layered specimens exhibit the
H, z ~ (1 t) b—ehavior expected for bulk superconductors.
The upturn evident for specimen 180-110 occurs at
t-0.6 where we estimate gj-290 A using (1). Ap-
parently a dimensional crossover has taken place with

H, zl displaying the (1 t)' depe—ndence characteristic of
2D superconductivity for t & 0.6. In periodic
superconductor-insulator(S-I) systems dimensional
crossover occurs when gj /A =&2, where A =ds +dt,
however for metallic multilayers there is no well-defined
criterion for dimensional crossover. The order parameter
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FIG. 4. Perpendicular upper critical field vs temperature,

plotted in reduced units for several periodic and quasiperiodic

samples. The straight line is drawn proportional to ( 1—t).

FIG. 5. Parallel upper critical field vs reduced temperature
for samples with (a) periodic and (b) quasiperiodic layering. Ar-
rows indicate upturns as discussed in text.
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in a proximity-coupled system will tend to nucleate in the
S layers and may extend into the adjacent N layers. The
range of this penetration will depend, in principle, on the
electronic diffusion constant in the N layers and on the
properties of the interfacial regions. A reasonable cri-
terion for a transition to a 2D-like behavior would seem
to be gj &ds+dN, allowing for penetration a distance
de/2 into the adjacent N layers. The value of gj at the
upturn in 180-110 supports this picture. Dimensional
crossover should also be evident in the angular depen-
dence of the upper critical field, H, z(8}. For an aniso-

tropic 3D superconductor, the angular dependence is

given by

1.6

1.4

1.2

1.0

1.6

H, )j(T)
H, ~(T, 8) =

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

where
2

H, p()( T)

H, ~j(T)

(2) 1.2
o ~ ~

t=0.62

For a 2D film ( g & d ),H, z(8 }satisfies the equation

H, z( T, 8)cos8 H, z( T, 8)sin8
+ =1.

H, qj(T) H, q~~(T)
(3)

These angular dependences are qualitatively dis-
tinguished at parallel field (8=90'), where the peak is ei-
ther rounded (3D} or cusplike (2D). Figure 6 shows

H, z(8) at several temperatures for sample 180-110. At
t-0.88, well above the crossover temperature, the data
show a cusp in parallel field that fits well with the 2D Eq.
(3). At this temperature, g~-500 A, and though we do
not expect 2D behavior, apparently the order parameter
does not extend over suSciently many layers to yield
averaged, anisotropic 3D behavior. In the limit of small
layer thickness we do observe the dependence predicted
by Eq. (2), with zero slope, dH, z(8)ldT, at parallel field
(shown for 55-34 in Fig. 7). With decreasing tempera-
ture, H, &(8) for 180-110becomes very sharply peaked at
parallel field, and cannot be fitted to a 2D or surface state
angular dependence. A similar angular dependence was
reported in Ref. 9 for g~ & dNb. Apparently the sharpen-
ing of the peak in parallel field occurs as superconductivi-
ty becomes increasingly localized in the Nb layers.

No upturns are evident in H, z~~
for the other periodic

specimens, and this is generally expected for shorter
modulation wavelengths where thinner layers are more
strongly coupled. The apparent lack of such a feature in
the data for sample 125-90 is somewhat surprising in
view of the fact that we do observe upturns in quasi-
periodic samples 55-34 and 100-62 which have compara-
ble or smaller layer thicknesses. We now discuss those
results.

The H, z~~
curves for quasiperiodic specimens 100-62

and 225-139 exhibit two upturns with decreasing temper-
ature [Fig. 5(b)]. The higher temperature upturns are
clearly visible in Fig. 8 where we have expanded the re-
gion near T, . As mentioned above, these samples are
characterized by two fundamental Nb length scales, dNb
and 2dNb. We attribute the higher(lower} temperature
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FIG. 7. H,z(8)/H, » vs 8 for sample 55-34 at t =0.62. The
solid line is a fit to the 3D theory, Eq. (2).

FIG. 6. H, z(8)/H, » vs 8 for sample 180-110at several tem-

peratures. Note the sharpening of the peak at parallel field that
occurs below the upturn temperature (t =0.6) for H,

z~~
[Fig.

5(a)]. The solid lines are fits to (t =0.88) the 2D equation (3)
and (t =0.42) the surface state dependence.
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g,(t, ) vs d„b+dr, (upper and left scales) for the samples listed
in Table II. The solid lines are g,(t„)=2d»+dT, and
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FIG. 8. Expanded portion of H, zi vs t curves [Fig. 5(b)] for
quasiperiodic samples 100-62 and 225-139 showing the high
temperature upturns. The insets show the anisotropy ratios,
H, 2~~/H, 2&, plotted vs reduced temperature for each sample.
Solid lines are guides to the eye.

upturns to dimensional crossover associated with the Nb
layers of thickness 2dNb(dNb). Dimensional crossover
will, in general, result in an increase in the anisotropy ra-
tio, H, 2I/H, z~, and this quantity is plotted as a function
of temperature for these specimens in the insets of Fig. 8.
Guided by the results for 180-110 the high- and low-
temperature transitions (denoted ta and tt } would be ex-
pected f«g, (t„}&2d»+d» and g,(t, }&d»+d», «-
spectively. The values of these dimensional crossover pa-
rameters are summarized in Table II for all samples
showing upturns in H, 2i or, equivalently, in H, zi/H, zj.
The agreement between (j and the expected values is
quite good as shown graphically in Fig. 9. The poorest
agreement is found for the upturn in sample 55-34, and

may be associated with the interfacial regions which
represent a substantial fraction of the layer thicknesses in
this specimen. We note that the high-t and low-t upturns
observed by Broussard and Geballe are apparently as-
sociated with transitions to 2D-like behavior in the Ta
and Nb layers, respectively, representing the new phase
diagram predicted by Takahashi and Tachiki. The 2D-
like Ta transition is not favored in our samples because of
the relatively thin Ta layers employed. The thin Ta lay-
ers are probably also the reason why the upturns for
these samples are less dramatic than those associated
with previously reported 3D~2D transitions. It should
be emphasized that the double crossover behavior ob-
served here does not appear to be a consequence of the
aperiodicity (i.e., Fibonacci sequence} per se, and should
appear in periodic S-S or S-I multilayers having two
difFerent S-layer thicknesses of appropriate size relative
to gi.

Finally, we address the negative curvature in H,
z~~

near
T, . This behavior is clearly not a consequence of the na-
ture of the layering as it appears in all specimens regard-
less of layering sequence. The curvature extends to lower
temperatures and higher fields in specimens with thinner
layers, suggesting that the multilayering is important.
We note that the superconducting resistive transitions in
the curvature region exhibit a plateau as a function of

TABLE II. Values of characteristic dimensional crossover parameters.

Sample
d Nb(A)/dTa(A)

55-34
100-62

180-110
200-90

225-139

0.80
0.86

0.93
0.95

0.60
0.60
0.87
0.83

g, (tg )

(A)

190
310

430
615

g, (t, )

(A)

195
290
300
320

2dNb+dT,
(A)

144
262

490
589

d Nb+dT,
(A)

89
162
290
290
364
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temperature. The origin of this behavior is not clear and
will be pursued in a discussion of transition widths.

In summary, we have investigated the superconducting
properties of periodic and quasiperiodic Nb-Ta multilay-
ers. In agreement with a previous study, the positive
curvature in H, 2~ observed for both types of layering
would seem to be associated with clean Nb, appearing
more pronounced for specimens composed of thicker Nb
layers. Negative curvature near T, in H,

2~~
does not ap-

pear to be related to the nature of layering. Dimensional
crossover occurs for both types of layering when g~ be-
comes comparable to the modulation wavelength. In
quasiperiodic specimens two crossovers are observed with
decreasing temperature, arising as gj probes the two
length scales, 2dNb and d Nb, present in these structures.
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