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Electrical, structural, and superconducting properties of hydrogenated Nb-Ta superlattices
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The electrical resistivity and superconducting transition temperatures are studied as a function
of hydrogen content on two series of Nb-Ta superlattices grown by molecular-beam epitaxy with
modulation wavelengths of 20 and 85 A. Hydrogen enhances the resistivity of the structures
which, in extreme cases, leads to a logarithmic temperature dependence at very low temperatures.
All structures undergo a transition to a superconducting state, but with increasing hydrogen con-
tent the transition temperatures are continuously depressed. This behavior diAers from that of
bulk hydrogenated Nb and Ta systems and is believed to have its origin in the epitaxial con-
straints imposed by the substrate on these single-crystalline superlattices.

Recent advances in ultrahigh-vacuum (UHV) deposi-
tion techniques such as molecular-beam epitaxy have
opened new avenues for the study of hydrogenation in thin
films and artificial metallic superlattices. The presence of
a host-metal compositional modulation can be expected to
have a profound eA'ect on the physical and thermodynam-
ic properties of the interstitial hydrogen lattice gas. The
first investigation of such a system has been undertaken
recently by Miceli, Zabel, and Cunningham, ' who ob-
served a hydrogen-induced strain modulation in single-
crystalline Nb-Ta superlattices. In addition to the Curie-
Weiss behavior for a hydrogen-concentration modulation
they also noted a far greater solubility of hydrogen in the
Nb-Ta superlattice from what would be expected for bulk
Nb or Ta.

In this work we have investigated the eAect of hydrogen
loading on the carrier transport and superconductivity in
Nb-Ta superlattices. Measurements were made on two
series of Nb-Ta superlattices of modulation wavelength 20
and 85 A grown by molecular-beam epitaxy on (1120)
sapphire substrates with [110] film orientation. The tan-
talum fraction in these two series is 0.6 and 0.17, respec-
tively, and is chosen so that the Ta spacer is roughly the
same in both sets of samples (dT, =12 and 14 A, respec-
tively). Hydrogen loading was performed' in situ in a
high-vacuum x-ray furnace where the lattice expansion
due to the dissolved hydrogen could be monitored. Since
we cannot directly measure the hydrogen concentration,
the lattice expansion determined from x-ray diff'raction
can be converted to a hydrogen concentration. As we
shall discuss, it is found that this lattice expansion occurs
only in the direction normal to the plane of the film, a
consequence of the epitaxial constraints imposed by the
substrate. In an unconstrained bulk metal, the relation-
ship between volume expansion and hydrogen concentra-
tion is given by

A VV/=3A aa/=cH(hv/&),

where a is the lattice parameter, cH is the hydrogen con-
centration (H-atom- to- metal-atom ratio), Av is the

TABLE I. Some relevant parameters of the Nb-Ta superlat-
tices.

(A) ~v/v
p(295 K)
(itn cm) RRR

MFP (above T,&

(A)
Tt-

(K.)

20

85

0
0.05
0.08

0
0.013
0.06

23.8
93.6

122

18.9
44. 1

92.9

4.60
1.33
1.23

12.3
1.97
1.40

75
5
4

240
16

5

7.67
3.19
0.52

8.08
5.76
3.09

volume change per hydrogen atom, and f1 is the volume of
a host-metal atom. For the present one-dimensional ex-
pansion, we estimate cH from Eq. (1) with hV/V ha/a
and Av/0 -0.165, the average value for the bulk metal-
hydrogen systems. Some relevant parameters of the
samples studied are presented in Table I.

Experimental data on the electrical resistivity measured
parallel to the deposited layers are shown in Figs. 1(a)
and 1(b). For all of our samples current densities were
5-10 A/cm . We first describe the behavior of the two
hydrogen-free Nb-Ta superlattices, A=20 A and A 85
A, the room-temperature resistivities of which are 23.8
and 18.9 p 0 cm, respectively. These values are to be com-
pared with the bulk resistivities of Nb and Ta of 14.5 and
13.1 pQcm. The resistivities have a metallic character
throughout the temperature range above the supercon-
ducting transitions. The residual resistivity ratios
(RRR's), defined as p3ppK/p~pg, are 4.6 and 12.3 for the
two hydrogen-free superlattices. Taking the mean free
path (MFP) of bulk Nb and Ta at 300 K as 26 A, the
data imply low-temperature MFP's of 75 and 240 A, re-
spectively. These values are about a factor of 3 to 4 times
larger than the modulation wavelength and reflect a rela-
tively high quality of interfaces in these superlattices.

Superconducting transition temperatures of the two
hydrogen-free Nb-Ta superlattices are 8.08 K (A 85 A)
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FIG. l. (a) Temperature dependence of resistivity of pure and hydrogenated Nb-Ta superlattices with the modulation wavelength
of 20 A. Hydrogen content expressed as a volume change hV/V. The inset shows a regime of a negative temperature coefltcient of
resistivity observed on the most heavily loaded sample at low temperatures. (b) Temperature-dependent resistivity of pure and hydro-
genated Nb-Ta superlattices with the modulation wavelength of 85 A. Crystallographic orientation of the structure is shown in the
inset.

and 7.67 K (A =20 A). The structures are clearly
proximity-coupled systems, the reduction of T, from the
bulk Nb value of 9.3 K being due to the lower T, (4.4 K)
of the Ta spacer. A small reduction in T, on the 20-A-
modulation-wavelength sample in comparison to the 85-A
structure is, no doubt, associated with extremely thin Nb
layers, representing nominally no more than four mono-
layers. Furthermore, one must allow for some degree of
interdiAusion between Nb and Ta layers. This would be
particularly relevant to our very-small-modulation-
wavelength structure of 20 A, since the typical extent of
interdiff'usion in Nb-Ta superlattices is estimated as 4.5
A. The width of the superconducting transitions, defined
here as a temperature difference corresponding to 10%
and 90% resistance values, is 0.03 K for the 85-A struc-
ture and a much larger 0.061 K for the 20-A. structure.
This, again, is in accord with a generally accepted view
that disorder leads to broadening of superconducting tran-
sitions.

We now address the eff'ect of hydrogenation of these
structures. X-ray diAraction experiments on Nb-Ta su-
perlattices and Nb thin films with interstitially dissolved
hydrogen reveal a one-dimensional lattice expansion nor-
mal to the film —a result which is in contrast to bulk
metal-hydrogen systems where the lattice expansion has
cubic symmetry in the single-phase region of the phase di-
agram. We observe this behavior, in general, for the sam-
ples used in these transport studies as well as for other
Nb-Ta superlattices and Nb films having total film thick-

ness ranging from 2000 to 5500 A. Figure 2 shows x-ray
diA'raction peaks both parallel and perpendicular to the
film normal for the 85-A superlattice containing hydrogen
(hV/V=0. 013). It can be seen that the in-plane peaks
display the pristine-lattice parameter for the hydrogen-
free metal (Nb and Ta have the same pristine-lattice pa-
rameter). Evidentally, the substrate constrains the lattice
from expanding in the plane of the film. The one-
dimensional expansion is found to occur up to a maximum
value of (Ad/d)~, „—0.016(~0.003). Above this value,
a precipitation of several metal-hydrogen phases takes
place, as evidenced by the appearance of multiple Bragg
peaks along each of the three orthogonal reciprocal-lattice
directions [see inset in Fig. 1(b)]. Evaluating the total
volume expansion from these, we find that each precipi-
tate exhibits essentially the same d V/V. The magnitude
of the volume expansion is much smaller than would be
expected from bulk metal-hydride phases, therefore the
observed precipitates diAer only by their structural rela-
tions to the substrate but not by their hydrogen concentra-
tion. This behavior is evidently the result of the interac-
tion between the film and the substrate.

Hydrogen loading also has a dramatic eA'ect on both the
electrical resistivity and the superconducting transition
temperature. This is clearly evident from a strongly
enhanced resistivity and depressed superconducting tran-
sition temperature as shown in Figs. 1(a) and 1(b). We
estimate that the electrical resistivity at ambient tempera-
ture rises by about 0.75 p Q cm per at. % H interstitial im-
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FIG. 2. X-ray diA'raction peaks perpendicular and parallel to
the film, confirming that the lattice expansion due to hydrogen is

only in the normal direction. The arrows indicate the peak posi-
tions for the hydrogen-free film (as well as bulk Nb or Ta).

purity for the 85-A structure and much more, —2.5
pOcm per at. % H, for the short-wavelength structure.
The rates at 10 K are not significantly diferent from those
at room temperature. For comparison, in bulk Nb and
Ta, resistivity increases at the rates ' of 0.64
pQcm/at. % H, and 0.67 pAcm/at. % H, respectively.
We would like to stress that our estimates are subject to
an uncertainty with which the volume changes hV/V are
equated to the percentages of dissolved hydrogen. It is
clear, however, regardless of this uncertainty, that the hy-
drogen impurity is much more eA'ective in reducing the
mean free path in the 20-A structure which already start-
ed with a somewhat degraded MFP in comparison to the
85-A sample. Indeed, the degradation of the MFP in the
20-A structure is so strong that, for the sample loaded
with hV/V=0. 08, below 15 K we observe a logarithmic
rise in the resistivity with decreasing temperature, charac-
teristic of two-dimensional weak localization [see inset in

Fig. I (a)].
While most of the samples exhibit smooth curves

representing their temperature-dependent resistivity, a
sample with the lowest hydrogen content, hV/V =0.013 in
the A=85 A series, exhibits two distinct anomalies. At
190 K the resistivity drops by about 1.5 pAcm and at 6.5
K a sudden jump of comparable extent is detected just be-
fore the sample goes superconducting. This sample is
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FIG. 3. Superconducting transition temperature T, of Nb-Ta
superlattices with modulation wavelengths of 85 A (open cir-
cles) and 20 A (filled circles) as a function of hydrogen loading
(solid and dashed curves are guides to the eye). The inset de-

picts the behavior of T, in bulk hydrogenated niobium as deter-
mined in Ref. 11.

perhaps the only one that, at ambient temperature, might
be a pure solid solution (a phase). The anomaly at
liquid-helium range has been checked carefully and it ap-
pears to be perfectly reversible on cycling between 2-20
K. At this stage, we have no low-temperature x-ray data
available to help elucidate the structural character of this
sample at helium temperatures. However, a room-
temperature x-ray measurement made on this sample
after the completion of the low-temperature transport
study indicates no changes in diAraction peak widths or
shapes.

One of the most interesting features of these measure-
ments is the behavior of the superconducting transition
temperatures T„as a function of hydrogen loading (Fig.
3). Both series of samples indicate a rapid suppression of
T, with increasing hydrogen concentration. This trend is
at variance" with the eff'ect of hydrogen in bulk Nb or Ta
where, within the a-P mixed phase (up to about 0.7 hy-
drogen fraction) which consists of nearly pure Nb (Ta)
together with a segregated hydride, " the a phase
effectively short-circuits the hydride phase and the T,
stays constant at the value of hydrogen-free Nb (Ta).
When the volume fraction of the hydride phase is so large
(above 0.7 hydrogen fraction) that the short-circuiting
path is interrupted, the superconducting temperature falls
abruptly. The hydride phase is believed not to supercon-
duct above 1.3 K, the lowest temperature investigated in
previous studies.

The hydrogen content in all our superlattices, as es-
timated from Eq. (1), should be well below 0.7 hydrogen
fraction, i.e. , within the a-dg mixed phase as judged by the
bulk phase diagram. Assuming for a moment that the
T, 's of individual Nb and Ta layers comprising our super-
lattices are aA'ected by hydrogen loading in a way analo-
gous to bulk Nb or Ta, the continuous suppression of T,
we observe might, at first, be viewed as a direct conse-
quence of the proximity-coupled nature of these multilay-
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ers, namely, a weakening of the coupling due to "swel-
ling" of the lower-T, tantalum spacer. However, since at
least three hydrogenated samples have T, significantly
below 4.4 K (T, of bulk Ta), it is unlikely that the weak-
ening of the proximity coupling alone causes degradation
of superconductivity.

We therefore believe that the epitaxial constraint re-
sponsible for the anisotropic lattice expansion upon hydro-
genation alters the phase diagram to such an extent that
the superconducting and electronic properties of the indi-
vidual hydrogenated Nb and Ta layers no longer reAect
the properties of their bulk counterparts. As far as super-
conductivity is concerned, it is likely that the presence of

hydrogen and associated distortion of the cubic cell lead to
a gradual suppression of the density of states at the Fermi
level. We plan to substantiate this hypothesis with studies
on hydrogenated thin epitaxial films of Nb and Ta.

The Nb-Ta superlattices used in this study were kindly
provided by Dr. J. E. Cunningham and were prepared in
the laboratory of Professor C. P. Flynn. The work of one
of us was supported by National Science Foundation, Low
Temperature Physics Grant No. DMR-8508392, and the
x-ray scattering work was supported by the U. S. Depart-
ment of Energy, Division of Materials Science, under
Contract No. DEAC02-76ER01198.
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