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Elastic-constant softening in nonperiodic Mo/Ni multilayers
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(Received 18 September 1991)

Surface-acoustic-wave velocity measurements on nonperiodic Mo/Ni multilayers show that an elec-
tronic mechanism based on minizone boundaries is not responsible for the softening of the c44 elastic
constant that occurs at small modulation wavelengths in periodic samples. The spacings between the x-

ray satellite peaks of the nonperiodic multilayers are not equal. Model calculations predict these spac-
ings and show that the satellite positions depend on the individual atomic interplanar spacings and not
just the average modulation wavelength.

Since the early observations' of 200—400 % in-
creases in the biaxial modulus in Cu/Pd, Au/Ni, Ni/Cu,
and Ag/Pd metallic multilayers at small values for the
modulation wavelength A, there has been considerable
effort devoted to verifying and understanding this effect.
One reason for this interest is that it is normally very
difficult to increase the elastic properties of a material by
more than a few percent. Despite considerable effort, it
has proven difficult to obtain clear answers to many of
the relevant questions. Some doubted whether there was
any substantial change in the elastic constants. For ex-
ample, Moreau, Ketterson, and Mattson observed no
change in Ni/Cu. In other systems, however, investiga-
tions ' have shown that, though the effect is smaller than
the large increases originally reported, there are reprodu-
cible changes in the elastic constants at small A. In
Ag/Pd multilayers the reported increase in the C55 elas-

tic constant is 50%. In some systems, instead of an in-

crease, there is a decrease in the elastic constants at small
A. Mo/Ni is one such system where Brillouin scattering
measurements of the surface-wave velocity v by Khan
et al. established that there is a 44% decrease in C~4

with decreasing A where v 0- (C44/p)' and p is the den-

sity. Figure 1 shows a fit to the normalized surface-wave
velocity data from Ref. 6 for the Mo/Ni system. Three
points from our work, which exhibit the same trend, are
also shown.

It has been even harder to obtain a theoretical under-

standing of these changes in the elastic constants. There
are several types of suggested explanations. They are
coherency strain, ' surface stress, ' electronic mecha-
nisms, " ' changes in the interatomic spacing of atoms
that are near the interface, ' ' and possible compound
formation at the interface. Even though several stud-
ies ' ' have suggested strain effects as the cause of the
observed elastic anomalies in some metallic rnultilayers,
none has been able to determine conclusively the mecha-
nism responsible for these elastic anomalies.

Here we employ nonperiodic multilayers to investigate
whether one of the two proposed electronic mechanisms
is responsible for the elastic-constant decrease in Mo/Ni
multilayers. In the electronic mechanism" ' we are in-
vestigating, the elastic constants change because of a crit-
ical contact between the Fermi surface and one of the
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FIG. 1. Normalized surface-wave velocities observed by
Khan et al. in Brillouin scattering measurements (Ref. 6),
represented by the dashed line, and the present SAW measure-
ments on periodic Mo/Ni multilayers. The Khan data have
been fitted to a fifth-order polynomial and divided by 2.54. Our
SAW data have been divided by 2.10.

minizone boundaries that appear in coherent,
composition-modulated multilayers. The critical contact
is a nesting of the existing Fermi surface with an added
portion caused by the new zone boundary. ' Although
Cammarata' has argued against the applicability of this
mechanism, no direct, experimental test has been per-
formed previously. This electronic mechanism could be
important in Mo/Ni because the orientational order in

periodic Mo/Ni samples generates minizone boundaries.
The electronic structure of periodic and nonperiodic
Mo/Ni samples will be quite different. Thus, if a critical
contact between the Fermi surface and the minizone
boundary is responsible for the softening, nonperiodic
samples should have different elastic constants than the
periodic samples. It should be noted that though another
type of nonperiodic multilayer system, Fibonacci multi-
layers, has been studied ' extensively, few studies have
been made on random multilayer systems.

We have fabricated two sets of nonperiodic samples in
which the average modulation wavelength ( A ), defined
as the total film thickness divided by the number of bi-
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FIG. 2. Three pairs of measured and calculated x-ray spectra
0

of one periodic (6=0.0 A) and two nonperiodic Mo/Ni multi-
layer samples, all having an average modulation wavelength of
approximately (A) =26 A ((A) experimental =26.8 A, ((A)
calculated =25.6 A). The experimental spectra are below the
calculated spectra.

layers, is kept constant within each set. The first set,
with ( A ) =26.8 A, was chosen to correspond to the re-
gion shown in Fig. 1 where the softening is large, while
the second set, with (A) =140 A, was chosen to corre-
spond to the region where the softening is small. The
average layer thicknesses t of both the Mo and Ni layers
were equal so that t=(A)/2. For a particular sample,
the layer thicknesses of only one element was varied. The
deposition was made such that the layers of that element
had one of three equally likely thicknesses, t, t —ht, or
t+b, t. The thickness selections were determined by a
pseudo-random-number generator. For each set, several
samples were prepared with 0& ht &0.7. In all cases but
one, we varied the Mo-layer thickness and not the Ni
thickness. The reason for keeping the Ni-layer thickness
constant was to minimize structural changes in the Ni
layers, since the elastic-constant softening in Mo/Ni has
been attributed to structural changes in the Ni layers.

The samples were prepared in a computer-controlled,
ion-beam-sputtering system described previously. The
substrates were either Si, glass, or quartz. The Ni and
Mo films are preferentially oriented with the high atomic
density (111)fcc planes of Ni and the (110) bcc planes of
Mo parallel to the substrate. The total film thicknesses
were approximately 4000 A.

Figure 2 shows the x-ray spectrum taken with Cu Ea
radiation of three samples, each with an average modula-
tion wavelength (A) =26.8 A and Ni layers that are ap-
proxirnately 13.4 A thick. The Mo layers also had t ap-
proximately 13.4 A but 5t =0.0, 4.2, and 8.4 A for the

three different samples. The spectrum for the periodic
sample, ht =0.0 A, has the usual characteristics of satel-
lite lines evenly spaced around a central peak. The satel-
lite spacing of the periodic sample was used to determine
the value of (A). For the nonperiodic samples, since
the average periodicity is unchanged, one might have ex-
pected that the satellite positions would be unchanged
and that the randomness would increase their width and
decrease their intensities. The broadening does occur,
but the changes in the positions and intensities of the sa-
tellites are not in agreement with these simple expecta-
tions. For example, instead of being unchanged, the posi-
tions of the satellite, S+, , on the right of the central
peak, So, is shifted to a lower value of 20 and, though the
satellite on the right loses intensity as one increases At,
the satellite, S „on the left, gains intensity relative to
So.

Calculations which incorporated the nonperiodicity
were performed to see if they could reproduce the unusu-
al features of the experimental x-ray spectra shown in
Fig. 2. We represented the periodic sample as a repeti-
tion of bilayers containing six Ni (111)planes and six Mo
(110)planes. The randomness was incorporated by allow-

ing the number of Mo planes in the layers to take on one
of three equally likely values, but the Ni and Mo plane
spacings and the average interface spacing d, were kept
constant for different values of At. The convergence of
the calculations is very slow if one averages the scattering
from a large number of bilayers. Instead, we used analyt-
ic results obtained by Fullerton et al. , who showed how
one could properly average over a single bilayer if the bi-
layers are statistically independent. In their work Fuller-
ton et al. assumed that the spacing at the interface be-
tween the Mo and Ni layers, d;, satisfied a Gaussian
probability distribution about the average, d,

In agreement with previous work, ' we found it
necessary to increase the average spacing between the
planes in order to fit the positions of the peaks for the
periodic sample. Previously, data on periodic Mo/Ni
multilayers'5 were modeled by assuming that d; is larger
than the value usually assigned to it, namely (d

&
+d 2 ) /2,

where d
&

and dz are the Ni and Mo interplanar spacings,
respectively. For periodic multilayers, the position of the
satellites is determined solely by the value of A and not
the individual interplanar spacings d& d2 or d, In con-
trast, for nonperiodic structures the calculated positions
of the satellites depend differently on the separate inter-
planar spacings. For example, we find that changing d;
from the usual value (d &+d& )/2 shifts the position of the
satellite S+, only approximately half as much as the sa-
tellites So and S &, whereas changing d, or d2 shifts all
three satellites by approximately the same amount.

In fitting the spectra shown in Fig. 2, we assumed that
d& was increased by 1.6% from its bulk value but still
maintain d, =(d&+d2)/2. Alternatively, we could have
increased dz, but increasing d,. from the value given by
(d, +dz)/2 does not provide as good a fit. The width of
the Gaussian was taken to be 0.25 A, and the number of
bilayers was taken to be equal to the number of bilayers
in our samples, 150. For the nonperiodic samples we as-
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sumed that the thickness of the Ni layer is six atomic lay-
ers, while the Mo layers took on one of three equally like-
ly possibilities. For one nonperiodic sample the Mo lay-
ers were taken to be either four, six, or eight atomic lay-
ers thick, i.e., t=13.352 A and Et=4.451 A. For the
other nonperiodic sample the Mo layers were taken to be
either two, six, or ten atomic layers thick, i.e., t =13.352
A and At =8.902 A.

The model predictions, presented in Fig. 2, show most
of the unusual features of the experimental spectra,
namely the shift in the position of S+, and the large in-

tensity of S, relative to S+, . One difference is that
while the experimental ratio of the intensities of S, to
So increases as one increased At, the calculated ratio
shows a small decrease. The general agreement between
the experimental and model spectra shows that most of
the unusual features of the x-ray spectra are due to non-
periodicity.

We investigated the elastic properties of the Mo/Ni
samples using a surface-acoustic-wave (SAW) technique
described in detail elsewhere. ' Measurements on
Ni/V multilayers demonstrated that SAW measurements
and Brillouin scattering measurement are complementary
techniques for determining the surface-wave velocity.
For our SAW measurements, films were deposited onto
ST quartz substrates and the surface-wave velocity deter-
mined from time-of-fiight measurements. The substrate
contribution to the SAW velocity is subtracted using an

analytic expression relating the surface-wave velocity of
the film to the film thickness and the SAW velocity of the
bare substrate. Because this relation is not exact, the ab-
solute values of the velocities determined by the SAW
technique are not accurate. This technique for interpret-
ing SAW measurements has been used to observe the
wavelength dependences of the velocity in periodic
Mo/Ni samples. Figure 1 shows that though we had to
normalize the Brillouin scattering and SAW data
differently, both sets show the same trend as a function of
A. Thus the SAW technique can be used to reliably
determine whether nonperiodicity changes the velocity v

in the long-wavelength region, (A) =140 A, where the
softening is not very pronounced and the small-
wavelength region, ( A ) =26. 8 A, where it is pro-
nounced.

Figure 3 shows a plot of v determined by SAW mea-
surements versus the ratio ht /t where ht is the deviation
of the layer thickness of one element from its average
thickness t. As discussed above, we chose to vary the
thickness of the Mo layers and keep the Ni-layer thick-
ness constant, except in one case. In that case
(A) =26.8, b, t/t =0.3, and the thickness of the Ni lay-
ers was varied and the Mo-layer thickness was kept con-
stant. One sees that the v is essentially independent of
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FIG. 3. SAW determination of the velocity v at (A) =26.8
and 140 A vs the ratio of the deviation of the layer thickness of
one element, usually Mo, to the average thickness of that ele-
ment, At/t. The measurement denoted by an open circle was
made on a sample for which the Ni-layer thickness varied in-

stead of the Mo thickness. The lines serve only as visual guides.

We wish to thank E. Fullerton for communicating his
results on calculating the x-ray spectrum prior to their
publication, W. Pickett for helpful conversations of the
electronic mechanism, and the Office of Naval Research
for supporting this research. J.L.M. thanks the Office of
Naval Technology for financial support.

At/t in both the long-wavelength region, where an effect
might not be expected, and the more relevant small-
wavelength region where the elastic softening occurs; the
nonperiodic samples show the same elastic softening at
small ( A ) as observed in the periodic samples.

The fact that the elastic softening observed on these
nonperiodic samples agrees with that taken on periodic
samples indicates that the presumed minizone boundaries
of the Fermi surface in periodic multilayers is probably
not the cause of the softening in Mo/Ni. For our sam-

ples the softening depends only on the number of inter-
faces per unit volume. Thus, it appears that the cause of
the softening is localized near the interface, or the effects
of the nonperiodicity cancel one another, or the softening
is associated with the Ni layers, which were not varied in
most of our experiments. This last possibility is in agree-
ment with previous studies, ' in which the softening was
attributed to strains in the Ni layers. Further, we have
found that the calculated positions of the satellite peaks
in nonperiodic samples depend upon the individual inter-
planar spacings. Thus, one may be able to use measure-
ments of these peak positions to determine the individual
interplanar spacings.
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