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Abstract 

The shear elastic modulus and structural prop- 
erties of a series of  Ag/Co superlattice films have 
been characterized using Brillouin scattering and 
X-ray diffraction. A softening of  the shear modulus 
of the unirradiated Ag/Co superlattices with 
decreasing modulation wavelength is observed and 
is correlated with an expansion in the average 
lattice spacing. With increasing irradiation fluence, 
a reduction in the anomalous shear modulus 
softening and lattice expansion are observed. These 
reductions imply that the anomalous elastic prop- 
erties are related to lattice strains present, which 
are relieved by the irradiation. 

I. Introduction 

Metallic superlattice films have been shown to 
exhibit anomalous elastic properties as a function 
of modulation wavelength (the thickness of one 
A/B layer in an alternating A/B/A/B/A.. .  struc- 
ture is denoted A ). The sense of these anomalies 
is system specific. As a general trend, miscible 
systems harden as the modulation wavelength is 
decreased, while immiscible systems soften (for a 
review see ref. 1). 

The elastic properties of layered systems have 
been a subject of study since 1937 [2]. This initial 
work and many generalizations which followed 
(for a list of previous calculations see references 
in ref. 3) show that the effective elastic constants 
of a composite system may be taken as averages 
of the moduli of the constituent materials. In 
1970 an article was published [4] in which it was 

suggested that layered systems containing dislo- 
cations could be stronger than the constituent 
materials. Later experimental studies [5-7] 
claimed this to be true and the phenomenon was 
designated as the "supermodulus" effect [6]. For 
instance, the Cu/Ni system hardens as the modu- 
lation wavelength is decreased. On the assump- 
tion that the hardening and softening effects may 
have related causes, the term supermodulus effect 
has been applied to any wavelength-dependent 
elastic anomaly. 

The underlying mechanism for this effect is a 
subject of considerable debate in the literature. 
Because the elastic constants c~ of the layered 
materials are sometimes greater than expected, 
even for dislocation-free systems, the original 
ideas of ref. 4 have not been pursued. The 
theories that have been subsequently proposed to 
explain this effect invoked either structural [8-14] 
or electronic [15-19] changes present in the 
superlattices. To date, no definitive answer has 
emerged and, because other experimental tools 
may shed additional light on this problem, we 
have embarked on a study of the relationship 
between high energy ion irradiation and the 
supermodulus effect. 

At high (i.e. megaelectronvolt) ion energies, the 
kinetic energy of the primary ion is transferred to 
target atoms through electronic and nuclear col- 
lision stopping mechanisms (for a review see ref. 
20). While a low probability event, at these 
energies the effect of the nuclear collisions is the 
production of a uniform concentration of point 
defects throughout the superlattice film [21]. 
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These defects (e.g. interstitial-defect pairs), 
usually having a high room temperature mobility, 
will migrate through the host material until they 
anneal out at external or internal surfaces (e.g. a 
strained interface) or through direct recombina- 
tion. Electronic stopping, while a significant 
source of irradiation damage in dielectric mate- 
rials, does not contribute to the defect concen- 
tration. 

The effect of particle irradiation on the elastic 
moduli of materials has been previously studied 
for a variety of metals [22, 23] and inorganic salts 
[24]. In all cases, the particle irradiation has 
acted to reduce the elastic moduli of these bulk 
materials. Because of this, the supermodulus 
effect in a superlattice system such as Cu/Ni, 
whose biaxial modulus hardens upon decreasing 
the modulation wavelength, should also be atten- 
uated and the interpretation would be unclear. 
Therefore the Ag/Co system, whose shear 
modulus softens with decreasing modulation 
wavelength [25], was chosen for this study. Pre- 
liminary results of this study on a different sample 
set were obtained and previously reported [26]. 

If the supermodulus effect is predominantly a 
result of a strain-related mechanism, then the 
irradiation-produced defects migrating to the 
strained internal interfaces will act to relieve this 
strain and cause a corresponding reduction in the 
supermodulus effect. In this work, we have 
studied the effect of high energy ion irradia- 
tion on the shear elastic modulus of Ag/Co 
superlattices using Brillouin scattering and X-ray 
diffraction. 

2. Experimental details 

Ag/Co superlattices (about 1/zm thick) were 
prepared using magnetron sputtering, with 
a temperature-stabilized computer-controlled 
sample holder described earlier [27]. The argon 
sputtering gas pressure was controlled using a 
residual gas analyzer in feedback mode to assure 
proper rate control. Structural studies were per- 
formed using a computer-controlled Rigaku 
D-Max II X-ray diffractometer using C u K a  
radiation. Shear elastic constants were measured 
using Brillouin scattering with a 5 + 2 tandem 
Fabry-Ptrot spectrometer and have a relative 
error of 1%-2%. The samples are sufficiently 
thick that no corrections are necessary for the 
presence of the substrates. 

Ion irradiation was performed using a National 
Electronics Corporation 950H PeUetron. The 
samples were irradiated with 6 MeV Si ÷ ions 
with doses of 1013, 1014, 1015, 1016 and 1017 ions 
cm -2. The 3.5 and 5.3 nm modulation wave- 
length samples were also irradiated to doses of 
6 x 1014 ion cm -2. Computer simulation of the 
primary-ion range, using the TRIM 86 code [28], 
has shown that at this energy the implanted Si ÷ 
ions penetrate more than 1 ~m into the sample. 
Therefore the effects of stress resulting from 
primary-ion accommodation into the superlattice 
structure are not important. During irradiation, 
one half of each film was masked with a metal foil. 
This unirradiated side was then used as a control, 
to account for possible instrumental drifts or 
changes in the samples as a function of time. 

3. Results and discussion 

Figure 1 shows the acoustic phonon velocities 
of the unirradiated Ag/Co superlattices, as a 
function of modulation wavelength. The surface 
shear elastic constant C44 is related to the phonon 
velocity by the relationship [29] 

velocity= fl ( C441'/2 
\Pm I 

where Pm is the mass density of the film and fl 
(=0.9-1.0) is essentially constant and only 
weakly dependent upon Cll, C33, and C13. The 
phonon velocity decreases with modulation 
wavelength (11% from 20 to 3.5 nm) below the 
calculated value which assumes the bulk shear 
elastic modulus for each component (broken line 
in Fig. 1). 
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Fig. 1. Acoustic phonon velocities of the unirradiated super- 
lattices as a function of modulation wavelength. 



Figure 2 shows the change in phonon velocity 
of each sample, as a function of irradiation dose. 
For each modulation wavelength, the material 
hardens with irradiation dose. It should be stressed 
that this behavior is opposite to that of pure 
metals or single crystals and does not reflect a 
normal radiation damage effect. At a dose of 10 ]7 

atoms cm -2, Brillouin scattering could not be 
performed for the 20.0 and 3.5 nm wavelength 
sample set, owing to poor film surface quality. 

Each of the phonon velocity vs .  irradiation 
dose plots show a general shape with an initial 
"floor" value, corresponding to the unirradiated 
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Fig. 2. Acoustic phonon velocities of the superlattice 
samples as a function of irradiation dose with 6 MeV Si + 
ions. 
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value. At a wavelength-dependent critical dose, 
the phonon velocity increases to a "ceiling" value 
which is approximately the same for all wave- 
lengths. The critical dose increases with increas- 
ing modulation wavelength as shown in Fig. 3. 
The significance of this dependence is not fully 
understood at this time. A similar variation in 
interdiffusion coefficients as a function of modu- 
lation wavelength, induced by thermal annealing, 
has also been noted by Henein and Hillard [30]. 
The mobility of the defects introduced into the 
superlattice by the ion irradiation may be affected 
by the periodicity in an analogous manner. How- 
ever, without further study, any conclusions are 
speculative. 

The structural properties of the samples were 
studied by X-ray diffraction. Both 0 - 2 0  scans 
and 0 scans (rocking curves) were performed on 
the samples before and after irradiation. 0 -20  
X-ray spectra, prior to irradiation, are shown in 
Fig. 4. For A =  10.0, 5.3 and 3.5 nm samples, 
well-resolved satellite peaks are observed, indi- 
cating a layered structure with a normal coher- 
ence length greater than A. The A = 2 0  nm 
spectra have Ag(111) and Co(002) peaks which 
are broadened by unresolved satellite peaks; in 
addition to the main peaks, poorly resolved satel- 
lite peaks may also be observed between the main 
peaks. The average lattice parameter d normal to 
the layers determined from the central peak 
position increases with decreasing modulation 
[31 ]. The correlation between the expansion in 
and the decrease in the phonon velocity has been 
observed in a number of immiscible systems, such 
as Nb/Cu [32, 33], Mo/Ni [34] and Mo/Ta [35]. 

The A = 3.5 and 5.3 nm samples exhibit simi- 
lar structural effects as a function of irradiation. 
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Fig. 3. Plot of the irradiation dose required to attain the 
inflection point in the phonon velocity vs.  irradiation dose 
plot ("critical dose") vs. modulation wavelength. 
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Fig. 4. X-ray diffraction spectra, pr ior  to irradiation, for the 
modulation wavelengths used in this study. 

Samples irradiated at doses of 10 ~3 and 10 ]4 ions 
cm-2 show no measurable difference in both the 
0 - 2 0  scans and the rocking curves. X-ray 
spectra, at irradiation doses of 6 × 1014 and 10 ~5 
ions cm -2, for the 3.5 and 5.3 nm wavelengths, 
are shown in Fig. 5. At 6 × 10 ~4 ions cm-2~ -th,e 
broadening of the s~p~r[a-ttice peak_~ ~ j p a t e s  a 
decrease in the coherence length normal to the 
layers. The value of d also decreases from 2.189 
to 2.185 A in the 3.5 nm sample, and from 2.186 
to 2.172 A in the 5.3 nm sample. The full width at 
half-maximum (FWHM) of the rocking curve 
changes by less than 5% at 6 x 1014 ions cm -2. 
The shift in d is consistent with the assumption 
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Fig. 5. X-ray diffraction spectra, at ion doses of 6 x t014 and 
10 j5 ions cm -2, for the 3.5 and 5.3 nm modulation wave- 
length samples. 

that the strain is being reduced with increasing 
ion dose. The phonon velocities at these doses 
were f0unc~ to increase from 1.72 to 1.74 km s- 1 
ill the 3.5 nm wavelength sample and from 1.73 
to 1.87 km s -1 in the 5.3 nm wavelength sample. 
These results indicate a strong correlation 
between d and the shear elastic modulus. At a 
dose of 10 ~5 ions cm -2, there was no longer any 
evidence of superlattice structure and only well- 
oriented crystalline silver and cobalt peaks were 
observed. The dominant peaks were Ag( 111 ) and 
Co(002), although a Co(100) peak was observed 
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