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Multilayers of NbZr have been made by the process of magnetron sputtenng The samples were
prepared with modulation wavelengths A ranging from 200 A down to 4 A. The structural proper-
ties have been studied using x-ray scattering. The composition wave constructed from the X-ray
scattering shows that the as-deposited square wave is not square but rather the Zr component has
partially diffused into the Nb component. The Zr is believed to substitute on Nb sites and expand
the lattice constant of the Nb layer. The compositional amplitude increases above A =31 A and de-
creases below A=31 A. A composition modulation was detected by x-ray scattering as low as
A=13 A. Above A >31 A the Nb is bec with the [110] along the growth direction and the Zr is
hep with the [002] along the growth direction. The T, in this region decreases linearly as A in-
creases. In the region A <31 A the Zr undergoes a structural phase transition to form a bee lattice
that is coherent with the Nb lattice. Once the multilayer becomes coherent there is a sharp increase
in the superconducting transition temperature with decreasing A. This increase in T, approaches
9.7 K which is the value for a 50 at. % solid solution of NbZr. A trilayer model is applied in the
Cooper limit to explain the critical temperatures. This model implies a superconducting coherence
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length of approximately 100 A.

I. INTRODUCTION

Metallic multilayers have been produced over the last
few years by sputtering and electron-beam evaporation
with varying degrees of success. The structure of mul-
tilayers such as CuNi,! NbCu,>3 NbTa,*> and NbTi (Ref.
6) has been mostly worked out by x-ray scattering and is
understood to a large degree at present. The current in-
terest in these and other multilayers is what effects are im-
pressed on other physical properties by the novel arrange-
ment of the atoms. This is a question that of course can-
not be given a general answer. At present an in-depth
study of different multilayer systems are of value. Unlike
the equilibrium systems to which they are related there are
questions as to how the constituents will react once they
are sequentially deposited. The multilayering of some ele-
ments together has been unpredictable. Therefore the ini-
tial characterization should be to determine the structure
of the multilayer. In this work we have done detailed x-
ray scattering to study long-range atomic correlations.
For the first time, extended x-ray-absorption fine struc-
ture (EXAFS) (results reported in next paper) has been
performed on companion samples in order to study the lo-
cal atomic environment (see Ref. 7).

Niobium and zirconium form a continuous disordered
solid solution in which the superconducting transition
temperature is strongly composition dependent and can be
as high as 11 K. Studies have been made of the supercon-
ducting properties over a wide composition range with
emphasis on the composition Nby 75Zr( 55 where the max-
imum T, occurs and where also some evidence for phonon
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softening has been reported.? Tunneling studies have also
beengdone to probe the density of states at this composi-
tion.

As for the structural properties much work has been
done with respect to the w-phase lattice instability which
occurs at a composition different from that of maximum
T,.'!! The » longitudinal distortion wave manifests it-
self predominantly along the [111] direction in the bcc
lattice, producing sharp or diffuse (depending on the com-
position of the alloy) superlattice reflections.'?

With the above information available for the NbZr solid
solution, novel properties brought about by the super-
periodicity of the NbZr multilayer should be recognizable.
Since Nb and Zr form a solid solution they are likely to
form a coherent interface which should provide a better
sample for some of the low-temperature measurements
that require fairly long mean free paths. In this article we
describe results from x-ray scattering and T, measure-
ments both above and below the point at which the lattice
becomes coherent.

II. SAMPLE PREPARATION

The multilayers were prepared by magnetron sputter-
ing.!* With this technique a variety of multilayers can be
made quite conveniently and quickly. . The modulation
wavelength ranged from A=4 to 200 A for this set of
samples. The samples were made on room-temperature
sapphire substrates with (112) orientation for use in this
research, and simultaneously on kapton for EXAFS stud-
ies reported in the following paper. Sputtering rates were
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between 10 and 20 A /sec in an argon pressure of 2 1073
Torr. The initial pressure of the vacuum chamber was
5% 10~¢ Torr. Each sample was roughly 1 pm in total
thickness. The rates were set such that the thickness of
the Nb would be equal to that of the Zr and each layer
would contain an integral number of atomic layers. Mi-
croprobe analysis of the samples showed a spread in Nb
composition of 10 at. % with the mean Nb composition
being 51 at. %. As has been found previously, when layer-
ing other elements there was satisfactory agreement (to
within 4%) between the multilayer period determined by
diffralcation and that calculated from the deposition param-
eters.

III. STRUCTURE OF NbZr MULTILAYERS

The quality of a multilayer has to be considered from
two perspectives: Firstly, the crystalline perfection of the
individual layers which also includes the interfaces be-
tween the different species, and secondly, the atomic plane
stacking along the growth direction. The multilayers are
textured along the growth direction, giving rise to vastly
differently scattering patterns for different directions in
reciprocal space. With the scattering vector along the
growth direction, only the planar correlation along the
growth direction contributes to the scattering. When the
scattering vector is at some angle n=90—X to the growth
direction, the planar correlation in the Nb and the Zr pro-
duces separate and distinct scattering patterns in recipro-
cal space; therefore we consider each direction separately.

A. When 750

In this case { is not along the growth direction and the
Nb and Zr have separate and distinct scattering patterns
in reciprocal space. Longitudinal scans in reciprocal space
were made along high-symmetry directions, i.e., 7=30°,
45°, and 60°. The two diffraction patterns can be separat-
ed, and, in practice, can be indexed to obtain lattice con-
stants and orientations for the Nb layers and the Zr layers.
The two different patterns also reflect the hcp symmetry
for Zr and the bcc symmetry for the Nb. By scattering in
this geometry, the degree of crystalline order of the indivi-
dual layers can be determined in a straightforward
manner, in that complicated scattering effects due to the
multilayer periodicity essentially do not contribute to the
scattered intensity. Several peaks from each lattice were
recorded and analyzed to give crystallographic orientation,
lattice constant, and an estimate of apparent grain size.

Most multilayers sputtered onto unheated substrates
will form with the closed-packed planes of each constitu-
ent stacked along the growth direction. When A >31 A,
this is also the case for NbZr multilayers, in that reflec-
tions could be indexed from each lattice that by symmetry
would require the [110] direction of Nb and the [002]
direction of Zr to be normal to the substrate. The mosaic
spread in the diffracting domain with respect to the sub-
strate normal is given by the width of 5 and for these
samples was An~5° full width at half maximum
(FWHM) when A > 31 A.

With the use of the separate reflections from each of
the layers, different lattice constants can be distinguished
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for both Nb and Zr. In general, as A is decreased, the lat-
tice constant of Nb increases from its bulk value of 3.30 A
to approximately 3.40 A at A=51 A. The scattering pat-
tern of the Zr layers can be indexed as hcp with average
lattice constants of ay=3.24 A and co=5.21 A for
A>109 A.

Within the region of modulation wavelength,
109 < A <51 A, the Zr lattice undergoes a gradual phase
transition from hcp to bec. Once obtaining the Zr bec
phase only one bcc lattice is present within the multilayer
structure. The bcc Nb lattice tends toward forming
coherent interfaces with the bec Zr lattice. This can be
seen in the x-ray scans where 7=45° [Fig. 1(a)] in which
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FIG. 1. Longitudinal scans along two directions in reciprocal

space (7=45° and 30°) showing the intralayer crystalline struc-
ture of the multilayer as the modulation wavelength is de-
creased. In scans with 7=45°, Zr(102) and Nb(200) is seen to
decrease as A decreases, indicating the diminishing hcp Zr
phase. The appearance of hcp peaks in the =30 scans for
A =80 A indicate that at this modulation wavelength the Nb
and Zr lattices are incoherent. However, the hep Zr undergoes a
structural transition to bcc Zr in the neighborhood of A=31 A,
and forms a coherent interface with the Nb layers resulting in
one bec lattice. Zr(102), Nb(200), NbZr(101), and NbZ(211) are
indicated, respectively, by the arrows.
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the hep Zr(102) reflection decreases to almost zero when
A reaches 51 A. The intensity of the Nb(200) reflections
also shows a large sudden decrease at A=51 A. These
large decreases in intensities are accompanied by slight
shifts (larger for Nb) in the peak positions. In this Zr
transition region the intensity of the hcp Zr peaks are di-
minished. The Zr phase transition probably starts at the
Nb-Zr interfaces where randomly oriented islands of bcc
Zr are formed and surrounded by hcp Zr. Within this
two-phase region (a- and B-Zr) a few hcp reflections can
still be measured; however, due to their small numbers
and very weak peak intensities lattice constants could not
be calculated. The weak reflections were also investigated
unsuccessfully with respect to the o phase. It was also
noted that the Nb, although maintaining its orientation
and bec lattice character throughout the Zr transition, also
showed decrease peak intensities. This suggests that the
Nb crystallites are becoming more random within the
layers.

Below A=31 A the Zr transition is complete and x-ray
scans with =30 show the emerging single bcc lattice
[Fig. 1(b)]. The peak intensity shows a significant in-
crease and the peak width has decreased significantly.
The new bec lattice has a lattice constant of a,=3.44 A at
A=4 A. The reported lattice constant for the bcc NbZr
solid solution is 3.454 A. The lattice is oriented with the
[110] direction normal to the substrate and Az <2°
FWHM, which is less than half of the mosaic spread of
the larger-A samples. Whether or not the sample remains
layered at this point cannot be determined in the 7540
geometry; however, evidence will be presented in the next
section to show that a large degree of modulation remains.

The scattering intensity of all the peaks (both for Nb
and Zr when A >51 A) is independent of ¢, the azimuthal
angle in reciprocal space, and therefore, over the area of
the incident beam (1X6 mm?), there are a large number
of grains with random orientation in the plane of the
layers. This is also characteristic of many of the other
multilayer systems sputtered on unheated substrates.

In considering contributions to the diffraction peak
width with respect to the multilayers it is necessary to dif-
ferentiate between coherent interfaces and long-range pla-
nar correlation. When an interface is coherent there is an
atomic translation vector that connects atoms across that
interface, i.e., in the case of coherent domains of NbZr
multilayers there is one lattice within the diffracting
domain. Coherent interfaces are accompanied by long-
range planar correlation, or, more specifically, the atomic
planes in, for instance, one Nb layer, have the same atom-
ic spacing and orientation as the planes in the Nb layers
above and below it. (It is possible to obtain such a long-
range planar correlation without coherent interfaces; how-
ever, a likely candidate for this type of behavior are NbCu
multilayers in which the interfaces are incoherent and the
modulation wavelengths can be made very small, but no
such long-range correlations were observed.) The
diffraction-peak width is then related to the correlation
length t,;; by the Scherrer equation'* where B(20) is the
added width of the peak,

0.9A

= OA 1
Fhid B(20)cosO ’ D
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and A=1.542 A the weighted average Cu Ka x-ray wave-
length The grain size or the atomic correlation length as
given by the Scherrer equation is inversely related to the
width of the diffraction peak. The peak width is related
to the number of planes that satisfy the diffraction condi-
tion independent of whether or not the planes are in con-
tiguous regions. If the intensity contributions to the dif-
fraction peak are from noncontiguous crystalline regions
that have the same crystallographic orientation and the re-
gions are separated by an integer number of plane spac-
ings, then the width of the peak, according to the Scherrer
equation, will be represented by the planes within all the
noncontiguous regions. This condition is much more like-
ly in multilayers than in alloys, and thus an apparent
grain size or apparent correlation length is obtained from
the peak width in a multilayer. This condition is always
present for scattering along the growth direction (7=0)
and provides a substantial contribution to the very narrow
x-ray peaks, as in the case of NbCu.?

To obtain the intrinsic width of the sample diffraction
peaks, the peak width of a Si standard was first measured
to obtain the instrumental broadening and then used in the
following equation:

BX20)=Bp —Ban » @
where B, is the width of the sample peak and By, is
the width of the standard’s peak. The Si standard has
a grain size greater than 2000 A; thus instrumental
broadening could be removed using Eq. (2). No correc-
tions were made for strain broadening of the diffraction
peaks, thereby attributing the entire added peak width to
particle size. Therefore the apparent grain sizes represent
a lower limit with respect to particle size.

The apparent correlation length for the NbZr mul-
tilayers where 200> A > 109 A s approximately 800 A
where the apparent correlation length of Zr appears slight-
ly longer than that of Nb. The apparent correlation
length increases as A is decreased, more slowly in the
transition region 109> A >51 A than in the coherent re-
gion A<51 A. When A<31 A the apparent correlation
length in all directions is larger than 1000 A. Asis ex-
pected, the correlation length for NbZr increases as the in-
terfaces become coherent.

B. When =0

The multilayer stacking itself provides the major contri-
bution to the scattered intensity in this geometry. There-
fore the form and amplitude of the composition modula-
tion are obtained in this scattering geometry. It should be
noted that because the apparent correlations are much
longer in this direction than when 17540, the scattering in-
tensity is much stronger and the peak width is smaller.
Approaching the case of 4= q”, or looking parallel to the
growth direction, the scattering patterns for A>31 A
show strong maxima surrounded by several orders of sat-
ellites [Fig. 2(a)]. The satellites are present due to a chem-
ical modulation along the scattering direction. The effect
of the chemical modulation is usually a modulation in d
spacing and the intrinsic modulation of the scattering
power. The form factor for a multilayer at position |q |
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FIG. 2. (a) Scattering along the growth direction shows satellites when A > 31 A. The main Bragg peak grows in intensity and
atomic correlation length increases. It should be noted that although the satellites around the main peak in the A=19 A scan do not
appear, this does not necessarily mean this sample has no composition modulation. (b) The positive satellites around the zero node
were used to calculate the composition amplitude. The weak- (even-) order satellites appear in all samples where A <51 A, indicating
that the composition modulation is not symmetric. Superlattice peaks can be seen for modulation wavelengths as small as A =13 A.

in reciprocal space, which is proportional to the scattered
x-ray intensity, is then given by

oL, i
f(@)= Eofne * 3)
n=

where f, is the scattering factor of plane n, and T, re-
flects the separation between any two consecutive planes.
In general, for a multilayer, both f, and T, can be ex-
pressed in separate but related Fourier series.

Both the scattering-factor modulation and the plane-
spacing modulation contribute to the amplitude of the sat-
ellites as stated by Eq. (3); however, when q is small the
contribution to the amplitude of the satellites is due al-
most totally to the scattering-factor modulation. There-
fore if the zero-node satellites are used in Eq. (3), the ex-
ponential can be approximated by unity. In using the
zero-node satellites we have neglected the small-strain
contribution to their intensity. When the interfaces be-
come coherent through a diffusion mechanism, the coher-
ence strains are very small, if nat zero, thus giving a very
small exponent in Eq. (3) when the product is taken with
| q . Therefore in this type of coherent system essential-

ly no error is introduced into the composition profile by
neglecting strain for very small A. The composition pro-
file or chemical modulation can then be related to the pla-
nar scattering factor by

fn_f_=(f2r_be)(cnzr—'Cgr) ’ (4)

where fz; Ny i8 the atomic scattering factor for Zr and Nb,
respectively, c,,Z,f, is the normalized fractional Zr atomic
concentration in the nth and average plane, respectively,
and f is the atomic scattering factor of a plane with aver-
age composition (cg). The scattering factors are per atom-
ic area to reflect the different atomic sizes and symmetry
of the Nb and Zr planes. Then the composition of the
multilayers can be written directly as a Fourier series,

Zr Zr i 2T
¢, —cg' = 3, aycos——ndL , (5)
L=1 A
where the Fourier coefficients are @;, and d is the average
spacing of the Nb and Zr planes along the growth direc-
tion. From the absolute scattering intensity of the satel-
lites around the origin in reciprocal space, it can be shown
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that the relationship between the scattered intensity and
the Fourier coefficients is

a; = [I.(g)]"?, (6)

2
fze—Sfno

where I L(q) is the absolute scattered intensity of the Lth
satellite.!®

The spectrum of the zero-node satellites for 51 <A <13
A [Fig. 2(b)] were measured and corrected for polariza-
tion, geometrical, and temperature factors. The tempera-
ture correction was made by assuming an alloy of
Nby sZro 5 to obtain 2B=1.3 A2, The absorption was cal-
culated using [i, the average linear absorption coefficient
for Nb and Zr. Edge effects are small and were neglected
in the calculation. The surprisingly intense satellites for
such a small difference in atomic scattering factor is not
due to anomalous scattering. The anomalous component
of the atomic scattering factor for Nb and Zr is small,
with A/Ag~0.5, where Ay is the wavelength of the
respective Nb and Zr K absorption edges.

The composition modulation as determined from the
zero-node satellites is shown in Fig. 3. The composition
amplitude for A=51 A was assumed to be 100 at. % Zr,
and the amplitudes for samples with A <51 A were nor-
malized with respect to this sample. It is reasonable to as-
sume that when A=51 A there will be at least some
planes of pure Zr in the Zr layer. The composition pro-
files are given in Fig. 3 for samples with A <51 A. The
relative sign of the coefficients have all been set in phase
to give the maximum possible composition amplitude.
The composition profiles are predominantly sinusoidal
and decrease in amplitude as A decreases. Since the sam-
ples were made with an equal thickness of Nb and Zr, a
compositional variation in the form of a square wave
would only yield odd Fourier terms with many high-
frequency components. In a system such as NbZr where a
solid solution is formed, the interfaces are very likely to be
smooth and probably broad, and therefore the composi-
tional profile will not contain the high-frequency terms.
This is the case for NbZr multilayers as evidenced by the
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FIG. 3. Composition modulation calcuated from the Fourier
coefficients obtained from the satellite intensity in Fig. 2(b).
The slight asymmetry in the composition indicates that there is
preferential diffusion of Zr atoms into the Nb layers. The am-
plitudes have been normalized to 100 at. % Zr in the A=51 A
sample.
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weak intensity of the higher-order satellites. Interfacial
diffusion causes the composition amplitude to decrease
and the interface to spread out as A decreases. There has
been no observed decrease in the satellite intensity over a
period of months, in which the initial measurement was
made immediately after deposition, and therefore the dif-
fusion must take place during deposition. The appearance
of even-order satellites indicates that this diffusion has a
net atomic migration across the interface. Since all of
(even and odd) the higher-order satellites are quite weak
relative to the L =1 satellite, there is very little measured
effect on the symmetry of the composition profile.

The choice of the composition phase was made on the
basis that the average lattice constant of the Nb layers
showed a substantial increase at long modulation wave-
lengths. This indicates that there is net diffusion across
the interface and that the Zr is most likely diffusing into
the Nb, thus expanding the Nb lattice constant and giving
the square composition wave a rectangular deviation. Re-
ported lattice constants for NbZr solid solutions as a func-
tion of the percentage of Zr (Ref. 16) would indicate un-
realistically higher concentrations of diffused Zr if the
measured lattice constant of the Nb layer were attributed
solely to a solid solution. Therefore, as stated earlier, a
substantial part of Nb lattice increase must be due to lat-
tice strain caused by close proximity to the Zr layer. The
lattice constant over the large-A region, however, should
not respond to strain from the Zr, especially if the inter-
faces are incoherent.

An independent determination of the phase of the com-
position wave could be made in order to verify the net
direction of the atomic migration. An ideal way to deter-
mine the profile of the Nb- and Zr-rich regions would be a
sputter depth probe with a chemical analyzer, but the
depth resolution on all such probes is, at best, 10 A, which
would not be sufficient in the cases of A<50 A. A
perhaps less direct way that would indicate the net migra-
tion direction is to measure the lattice constant of the Nb
and Zr layers independently, keeping in mind that a
change in the lattice constant parameter of one while the
other stays constant would indicate that the changing lat-
tice constant was brought about by a net gain of substitu-
tional atoms since NbZr forms a substitutional solid solu-
tion.

A composition profile for A>31 A can be established
from satellites around nonzero lattice nodes; however, the
satellite intensity around these nodes are affected by
several factors which are very difficult to separate out
especially in the case of coherent interfaces. In theory,
central-node satellites can always be used to extract the
composition modulation, but since the separation between
the central-node and the Lth satellite in reciprocal space is
L /A it is often not possible (when A is large) to separate
the satellite intensity from that of the strong central node.
With our diffractometer and sample geometry, the intensi-
ty of the central node extends out to approximately
20=2°, making any satellite below this value impossible to
distinguish from the main beam. Although some of the
higher-order satellites are above this cutoff, it is the
lower-order satellites (or Fourier terms) that give the fun-
damental shape to the profile.
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The widths of the main maxima are equal to those of
the satellites, indicating that the modulation period does
not vary substantially over the diffracting domain. The
length of the diffracting domain along the growth direc-
tion increases as A decreases. A possible explanation for
this increasing in the planar correlation along the growth
direction is that the interfaces are becoming broader and
more of the constituents exist in a solid solution at the in-
terface. This increase in the amount of solid solution also
causes a decrease in the amplitude of the composition
wave, as evidenced by the decreasinwg number of satellites
for modulation wavelength near 31 A.

When the two separate lattices form a coherent bec lat-
tice, the upper and the lower satellites diminish in intensi-
ty and eventually disappear within the sensitivity of our
diffractometer. This is as expected, since at this point
there is little or no interplanar modulation. Although the
amplitude of the interplanar-spacing modulation wave has
become small or zero, this does not necessarily mean that
the sample is no longer chemically modulated. If the
sample  remains chemically modulated beyond this point,
the form-factor—modulation amplitude along the growth
direction will not be zero. It is this region, below A <31
A, that the multilayer has formed a coherent lattice with
some degree of chemical modulation. The scattering-
factor modulation or chemical modulation of the coherent
lattice does appear in low-|q | scans along the growth
direction. Therefore, below A=31 A only the zero-node
satellites remain to establish the composition modulation
and profile. The composition profiles were obtained with
the use of these satellites. Longitudinal scans at small
| G| show at least one satellite down to A=13 A [see Fig.
2(b)].

IV. SUPERCONDUCTIVITY IN NbZr
MULTILAYERS

Metallic multilayers of Nb and Zr provide an ideal sys-
tem for studying the proximity effect between ultrathin
slabs of superconducting and normal metals. The proxim-
ity effect is seen in the critical temperature of an N/S
layer, as the relative thickness is varied. The critical tem-
perature of such a system, T,yg, falls in the range
T,y <T,ns<T. where T,s and T,y are the supercon-
ducting transition temperatures for the superconductor
and normal layers, respectively. Proximity-effect theory is
well developed and has been applied to bilayers of super-
imposed thin films. Until recently, the application of the
proximity-effect theory to multilayered thin films was not
possible because the quality of the thin films was not suf-
ficiently good to permit the coherence length to be greater
than the modulation wavelength. With the higher-quality
NbZr multilayers ranging from very small A to relatively
large A, proximity effect theory valid to N /S layers much
thinner than a coherence length can be tested.

It was initially proposed by Cooper,!” and then modi-
fied slightly by de Gennes,'® that in a layered supercon-
ductor in which the layer thicknesses are less than &, an
effective attraction interaction could be used in the BCS
equation to calculate the transition temperature. Assum-
ing £> A with periodic boundaries and constant uniformi-
ty over each period in the NbZr multilayers, a single
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period of the multilayer can be used to apply the
Cooper—de Gennes model. In this work the model is ex-
tended to include a third layer at the interface of the N
and S layers; therefore the model will be of the form
Nb/NbZr/Zr. The effective attractive interaction for the
trilayer is

[N(O)V = NiwVnodno + N2V z.dz +N2Vid; , o
Nxvdno +Nzedz:+N;d;

where dny, dz;, and d; are the thicknesses of the Nb, Zr,

and the interface layers, respectively, and A=d;

+dny+dz;.

When the individual layers are thin, such that the
coherence length extends over many periods, this model
can be applied to the NbZr multilayers. The behavior or
the transition temperature in NbCu has also been ex-
plained within the Cooper limit; however, for those sam-
ples the interface was assumed to be infinitely sharp.'®%°
In applying this model it is assumed that the coherence
length does extend over at least several periods of modula-
tion and that the layers are alternately deposited fast
enough to prevent interface oxide layers from forming.
An asymmetry factor R =dyy,/dz, is also added to allow
for varying Nb and Zr thicknesses. The effective attrac-
tive interaction as given by Eq. (7) can either increase or
decrease as a function of A. To differentiate between
these behaviors we derive from Eq. (7) the function

NwVao + N2V,

(N yVNbze) = 8
S(NNb,zes Vo, z N+ Ny (8)

for R=1.0, and compare its relative magnitude with
N;V;, the attractive interaction for the interface layer.
Assuming that N;¥; is independent of A, when
S(NNb,zes Vo, ze) > N; V;, the effective attractive interac-
tion, increases as A  increases, and when
S(Nb,zr> VNv,z:e) < N; Vi, it will decrease as A increases. It
is interesting to note that, within the model, d; does not
play a part in determining which behavior is followed.
Once [N(0)V]. is obtained T,yg is calculated from the
BCS equation,
O®p

—1
Tens =T 45 %P

9)
[N(O)V 1ete (

where @), is the Debye temperature of the trilayer.

The critical temperatures of the NbZr multilayers were
measured using an inductive technique in which multiple
T.’s could be detected. Measurements down to 3 K
showed that every sample had only one transition approxi-
mately 0.1 K wide for A <170 A and less than 0.2 K wide
for A>170 A. The critical temperature typlcally de-
creases as A increases (Fig. 4). This decrease is exponen-
tial up to about 100 A and then almost linear up to
A=200 A. As A—0 A, the reported T, of 9.7 K for the
50 at. % solid solution is obtained. The critical tempera-
ture changes smoothly through the Zr structural transition
with no discontinuity or increase in the width of the criti-
cal temperature.

Two 0.5-um films, one of Nb and the other of Zr, were
made under identical conditions of pressure and sputtering
rates to determine a lower limit for the as-deposited criti-
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FIG. 4. Critical temperatures vs modulation wavelength
showing narrow transition widths for all samples. The dotted
curve is the calculated transition temperature for a trilayer
model in the Cooper limit. At A >100 A the modulation peri-
od is becoming comparable to the coherence length.

cal temperature for thick films. These critical tempera-
tures are judged to be the lower limit because with only
one sputtering source being used and the sample being ro-
tated such that it spends 75% of its time out of the depo-
sition beam, more impurities are incorporated in the film
than in the preparation of the multilayer. Critical tem-
peratures of the two samples made in this fashion were 8.2
K for Nb and 0.7 K for Zr.

The bulk electronic parameters N(0) and V for Nb and
Zr were used in the calculation for the Nb and Zr layers.
The interface layer was assumed to have a composition of
Nb0'5ZI'0'5. The palring potential VNbZr for the Nbo_ SZrO.S
layer is assumed to be equal to ¥y, that for pure Nb, and
the density of states Nypz:(0) calculated using the report-
ed T, for this concentration and Eq. (8). These values for
the electronic parameters of the layers meet the condition
that f(Nnw,zr> Vb, zr) < NNvze VNvze: The Debye tempera-
ture used is the average of bulk Nb and Zr. With these
values fixed the model was applied to the experimental
T.ys curve, and d; =dNb0‘ sZr, 5 the thickness of the inter-

facial alloy, and R, the asymmetry factor, varied indepen-
dently to obtain the best fit. These values prove to be
dNbO Zry s =15 A and R=1. 2, and were used over the en-

tire range of A. The model diverges and no longer apphes
when A <19 A T, then approaches 9.7 K, which is the
value for the Nb, sZr, 5 solid solution.

The critical fields of the NbZr multilayers were not
measured so the coherence lengths have not been deter-
mined; however, the Cooper limit £ > A must apply in the
small-A region. Upon examination of the data and
theoretlcal curve there is a functional difference at about

=100 A which suggests that £ is about 100 A If
§ ~100 A and A=100 A, then £ extends over one period,
whereas dy, =~dz, =50 A and T_.ys would be reduced
drastically from that of Nb. There is also evidence from
the x-ray scattering that the interfaces are sharper, there-
fore causing dNbo.sto.s to be smaller in this A region and
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contributing to the adverse effect of T,ys. A strong prox-
imity effect is expected in the Nb, at least until dyy > £.
The transition of the last two samples with A of 171 and
200 A have broader transitions than the smaller A sam-
ples. This broadening of the transition infers that there
are material inhomogeneities over distances comparable to
&. Unfortunately, there is no data above A =200 A to
show a positive slope in the curve, but nevertheless the
curve must eventually break into Zr and Nb branches and
approach the bulk values of each.

V. CONCLUSION

Multilayers of NbZr can be sputtered onto unheated
substrates to form coherent interfaces with planar correla-
tions over relatively large distances. The Zr undergoes a
phase transition to become bcc with the same lattice con-
stant as the Nb to form a coherent interface. The Zr
phase transition is driven by the diffusion of Nb into the
Zr layer. For modulation wavelengths below 100 A, inter-
diffusion occurs significantly, reducing the multilayer to a
near-sinusoidal modulated composition. There is evidence
that this interdiffusion is slightly preferential such that Zr
diffuses more into Nb. We could find no bulk diffusion
data for Nb into Zr or Zr into Nb to compare with our re-
sults.

The small modulation wavelength samples have demon-
strated that a composition modulation (although weak)
can be maintained down to individual layer thicknesses of
3 or 4 atomic layers for systems that form disordered solid
solutions. These samples also show clearly that after the
nonzero-node satellites have become unresolvable or have
disappeared there remains a composition modulation, even
for such as atoms as Zr and Nb.

The superconductivity fits well into a simple Cooper-
limit proximity model which allows for an interface layer
between Nb and Zr. The model predicts that T, as a
function of A decreases when the interaction potential for
the interface region is more than the averaged interaction
potentials of Nb and Zr. This behavior is observed for
NbZr multilayers. The smooth variation of T, as a func-
tion of A while Zr is changing from hcp to bee indicates
that there is no significant difference in the density of
states at the Fermi level between the two isomorphs.
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