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Abstract

The acoustic phonon modes of sputter-depos-
ited Cu-Co multilayers were studied using
Brillouin scattering. These are the first such
measurements to be made on an f.c.c.—f.c.c. multi-
layer system. The multilayer samples had a fixed
atomic percentage of cobalt (53 at.%). The effective
elastic constants of the multilayer samples, which
were obtained by comparing the data with calcu-
lated dispersion curves for the phonon modes,
were independent of the multilayer modulation
wavelength.

1. Introduction

There has been considerable recent interest in
the elastic properties of metallic multilayers and
superlattices. Reports of large enhancements of
the biaxial modulus (the “supermodulus effect”)
for metallic multilayers near a multilayer modula-
tion wavelength value of 2.5 nm [1, 2] have
sparked both theoretical [3-5] and experimental
studies [6-8]. To date, Brillouin scattering has
been used to study the elastic properties of
Cu-Nb [6, 9], Mo-Ni [10], V-Ni[11], Mo-Ta [7],
Fe-Pd [12] and Au-Cr [13] multilayers. In
contrast with reported enhancements of the bi-
axial modulus, many of these multilayer systems
exhibited a minimum in one or more of the elastic
constants near a modulation wavelength value of
2.5 nm. However, all these metal combinations
are b.c.c-f.c.c. with the exception of Mo-Ta
which is b.c.c.-b.c.c., whereas the enhancement of
the biaxial modulus has been reported only in
fc.c—fc.c. multilayers [1, 2]. In this paper we
present the first Brillouin scattering studies of an
f.c.c.—f.c.c. multilayer system: Cu—Co.

Brillouin scattering from the thermally excited
acoustic phonon modes of a supported film
is an excellent technique for measuring the elas-
tic constants of the film [14]. Laser light of

0921-5093/90/$3.50

wavelength 4 is directed onto the sample sur-
face and a small fraction of the light is inelasti-
cally scattered from the phonon modes of the
film. For metallic films, the light interacts pri-
marily with the Rayleigh and Sezawa surface
acoustic phonon modes via the surface ripple
mechanism [15]. The atomic displacements per-
pendicular to the sample surface deform or ripple
the surface and these displacements couple to the
electric field of the incident optical radiation to
produce scattered light with frequencies shifted
from the incident light frequency by the phonon
mode frequency. Typically, in a Brillouin back-
scattering experiment, the frequencies f of the
phonon modes are measured as a function of the
angle 6 between the incident laser light and the
sample normal. The data are usually presented as
dispersion curves with the phonon mode veloci-
ties v plotted as a function of the product of the
in-plane wavevector component g ={(4x/A) sin 6
and the thickness of the film &, where v = 2 xf/q.

2. Experimental details

The growth and X-ray characterization of the
Cu~Co multilayer samples has been described in
detail by England er al. [16]. The samples were
grown by alternately depositing layers of copper
and cobalt on single-crystal sapphire substrates
using magnetically enhanced d.c. triode sputter-
ing techniques. The copper layers grew in the
f.c.c. structure with strong [111] texture for both
copper single-layer films and Cu-Co multilayer
films. Cobalt single-layer films that were 96.1 and
293 nm thick grew in the h.c.p. structure with
strong {100] and [002] texture. However, in the
multilayer samples for which the cobalt layer
thicknesses were less than 5.5 nm, the cobalt
layers grew in the f.c.c. structure with strong [111]
texture. The structure of the cobalt layers was
inferred from the average lattice spacing d,, of
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the multilayer samples along the growth direc-
tion. The value of d,, was calculated from the
position of the (111) X-ray diffraction peak near
20=43°, as measured using a Bragg-Brentano

diffractometer, and was essentially constant

for the entire set of Cu-Co multilayers:
d,,=0.2066 = 0.0004 nm. The coherence length
along the growth direction, obtained from the
(111) X-ray diffraction peak linewidths using the
Scherrer equation [17], was typically 17 nm. This
coherence length value is considerably smaller
than the value of 30-40 nm obtained for Mo-Ta
multilayers [18]. The multilayer samples had a
fixed atomic percentage of cobalt (53 at.%), with
modulation wavelengths A ranging from 0.87 to
10.8 nm. The number of Cu-Co bilayers in the
multilayer samples was chosen to give a total film
thickness A of approximately 110 nm, with the
exception of the multilayer with A =8.97 nm for
which the film thickness was 25% higher. Single-
layer films of copper (d., =94.0 nm) and cobalt
(de, =105 nm) were also measured. The thick-
nesses of the single-layer and multilayer films
were determined to within + 3% using Ruther-
ford backscattering (RBS)[16].

The Brillouin scattering measurements were
performed in air at room temperature. 100 mW
of laser light (1 =5145 A), polarized in the plane
of incidence, was focused onto the sample
surface. 180° backscattered light, also polarized
in the plane of incidence, was collected and
analyzed using a high contrast tandem (3+3
passes) Fabry-Perot interferometer which has
been described elsewhere [19, 20]. Since only the
polarized scattering was collected, the depolar-
ized scattering from thermally excited magnetic
waves [20] present in the cobalt layers was not
observed in the Brillouin scattering spectra. For
each sample, data were collected for six different
angles of incidence 6 within the range from
6=22°to 6="70°. A typical data collection time
for each spectrum was 2 h.

For all the Brillouin scattering measurements, a
lens with a 50 mm focal length and an fnumber of
1.4 was used to collect the scattered light. A slit
was placed in the center of the scattered beam to
limit the spread in the scattering wavevector. The
slit width was a quarter of the diameter of the
scattered beam. For 6<30°, the Rayleigh mode
frequency is very small (7 GHz or less) and the
peak in the Brillouin spectrum occurs very close
to the large elastic scattering peak with zero
frequency shift. The purpose of the slit is to

reduce the instrumental linewidth for small angles
of incidence 6, e.g. for 8=22° the linewidth was
reduced by a factor of 2 for the multilayer sample
with A = 8.24 nm. The narrower linewidth should
allow more accurate determination of the Ray-
leigh mode velocity. In addition, it is important to
limit the range of scattering wavevectors for small
angles of incidence because the light scattering
cross-section for the surface ripple mechanism
depends strongly on 6 for 6<30° (see for
example Fig. 6 of ref. 21). The large variation in
collected intensity across the collection aperture
for low values of 8 can lead to false shifts in the
measured mode frequencies. However, in the
present case, the difference between the
measured Rayleigh mode velocities with and
without the slit placed in the scattered beam for
the multilayer sample with A=8.24 nm and
0=22° was comparable with the uncertainty in
the velocity measurement (about 2%).

3. Results and discussion

A typical Brillouin scattering spectrum for the
multilayer sample with A =8.24 nm is shown in
Fig. 1. The total data collection time for this spec-
trum was 2.05 h. The spectrum consists of a
series of peaks symmetric about zero frequency
shift corresponding to light scattering from the
Rayleigh and Sezawa acoustic modes. The
strongest of these peaks with the smallest non-
zero frequency shift arises from light scattering
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Fig. 1. Brillouin scattering spectrum for the multilayer
sample with modulation wavelength A =8.24 nm and a total
film thickness A=115.4 nm. The spectrum was collected
using an incidence angle 6@ of 70° and an incident laser

power of 100 mW. The total counting time for the spectrum
was 2.05 h.
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from the Rayleigh mode. The smaller peaks with
larger frequency shifts correspond to light
scattering from the Sezawa modes of the film.
Typically, two modes were observed for small
angles of incidence and three modes were
observed for large angles of incidence. The
number of observed modes is small compared
with previous Brillouin scattering measurements
on Mo-Ta [7] and Cu-Nb [9] because the total
film thickness of the Cu-Co films is smaller and
the number of observed modes varies inversely
with the thickness. The small number of observed
modes does not indicate that the quality of the
Cu-Co samples is poorer than that of the Mo-Ta
and Cu-Nb samples. For all single-layer and
multilayer samples, the natural linewidths of the
modes due to phonon damping processes were
assumed to be small compared with the instru-
mental linewidth of each peak. The measured
mode frequencies were independent of the
propagation direction in the plane of the samples.

The measured dispersion of the Rayleigh and
first two Sezawa mode velocities for all the multi-
layer samples are shown in Fig. 2. For a given gh
value, only small variations were observed in the
measured Rayleigh mode velocities vy and the
Sezawa mode velocities v ; for the entire series of
multilayer samples, e.g. vg=2680+£130 m s™!
and vg; =4160 90 m s~ for gh=2.34.

For the analysis of the elastic properties, we
treated each multilayer sample as a single film
with one set of effective elastic constants and
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Fig. 2. Dependence of the measured velocities of sound on
the product of the in-plane wavevector ¢ and the film thick-
ness h for each of the multilayer samples: X, A =0.872 nm;
+, A=1.70 nm; 0, A=3.03 nm; ¢, A=431 nm; A,
A=563 nm; 0, A=8.24 nm; *, A=897 nm; *, A=10.8
nm,

15

calculated the acoustic mode velocities of the
single supported film using the procedure of
Farnell and Adler [22]. To simplify the calculation
of the dispersion curves, we approximated the
symmetry of the sapphire substrate, which is
actually trigonal, as hexagonal with elastic con-
stants ¢;; (=494 GPa, c¢;; = 114 GPa, c;;,=496
GPa and c,,,= 145 GPa. In this approximation,
which has been used previously [12], the small ¢,
(=—23 GPa) term is set equal to zero. The
symmetry of the single-layer and multilayer films
was assumed to be hexagonal with the c¢ axis
normal to the film plane. During the sputter
deposition process, the crystallites tend to grow
with a particular crystal direction (the texture
direction) perpendicular to the film plane and
with random orientation within the plane. This
process yields films that are elastically isotropic in
the film plane on a macroscopic scale, which is
equivalent to hexagonal symmetry with the ¢ axis
normal to the film plane [23]. The dispersion of
the Rayleigh and Sezawa modes of a supported
film of hexagonal symmetry is determined by four
of the five independent elastic constants: ¢;; ¢;
c3; and cy,. The remaining independent elastic
constant c,, affects the dispersion of Love waves
which have displacements that are perpendicular
to the sagittal plane. Love waves have been
observed in Cu-Nb multilayers using Brillouin
scattering [24].

The elastic constants for each single-layer and
multilayer sample were obtained using a least-
squares fitting procedure. The data obtained for
six different angles of incidence were successively
fitted to models with isotropic, cubic and hexago-
nal symmetry with two, three and four indepen-
dent elastic constants respectively.

The initial elastic constant values for the fitting
procedure for the single-layer films were taken to
be the averages of the Voigt and Reuss bulk-
based estimates [25] listed in Table 1 for copper
and cobalt crystallites with [111] texture. The
resulting best-fit hexagonal elastic constants for
the copper and cobalt single-layer films are also
listed in Table 1. The best-fit values for the
copper film are considerably lower than those
estimated from the bulk copper elastic constants
[26], while the best-fit values for the cobalt film
are considerably higher than those estimated
from the bulk cobalt elastic constants [26] for
both f.c.c. and h.c.p. cobalt. Similar discrepancies
between the measured mode velocities and those
calculated using the elastic constants of the bulk
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TABLE 1 Elastic constant values for the copper and cobal¢
single-layer films and a representative multilayer sample

€t €2 Ci3 €33 Cy
Cu single layer
Bulk f.c.c. estimate® 202 106 103 205 45
Best fit 149 — 65 125 38
Co single layer
Bulk f.c.c. estimate® 298 134 129 303 78
Bulk h.c.p. 295 159 111 335 71
Best fit 412 -~ 267 364 61
Cu-Co multilayer
(A=824nm)
Bulk {fcc.Cu-fcc.Co) 252 120 114 248 58
estimate®
Bulk (f.c.c. Cu-h.c.p.Co) 251 134 106 258 56
estimate®
Single-layer estimate® 246 — 121 192 48
Best fit? 267 — 138 198 48
Best fit* 269 — 144 210 47

2Effective hexagonal elastic constants obtained from the bulk
cubic elastic constants (c axis along [111]).

"Estimated multilayer elastic constants [27] based on the
effective hexagonal elastic constants for the bulk materials.
*Estimated multilayer elastic constants [27] based on the
best-fit elastic constants for the single layer films of copper
and cobalt.

9Best fit with ¢, |, ¢,3, ¢33, and ¢, as free parameters.

*Best fit with ¢, and ¢, as free parameters and with ¢, and
¢, values fixed to average multilayer values.

metals have been observed previously by Bell et
al. [9] for copper and niobium single-layer films.
Bell et al. also found that a deliberately intro-
duced fivefold increase in the oxygen contamina-
tion of the Cu-Nb multilayer films, as described
using RBS, resulted in an increase of ¢, by about
9%. It is possible that the differences between the
bulk-based estimates and the best-fit values of the
elastic constants for the copper and cobalt single-
layer films are due to impurities incorporated into
the films during the sputter deposition process.
Unfortunately, the oxygen content of the Cu-Co
films could not be measured using RBS since
these samples were grown on sapphire, an
oxygen-containing compound (Al,O,).

The superlattice effective elastic constants [27]
calculated using the best-fit elastic constant
values for the single-layer films were used as the
initial values for the fitting procedure for the
multilayer films. The multilayer hexagonal elastic
constants obtained using the “successive fitting”
procedure described above were the same as
those obtained by fitting the data directly to a
model with hexagonal symmetry. A further
indication of the validity of our fitting procedure
was the small variation (10% or less) in each of
the best-fit hexagonal elastic constant values for
the entire series of multilayer samples. A small

variation was expected because of the small
spread (less than 5%) in the measured Rayleigh
mode velocities and Sezawa mode velocities for
the entire series of multilayer samples for a given
gh value (see Fig. 2).

Although all the best-fit elastic constant values
for the multilayer films obtained by varying all
four elastic constants were independent of A to
within 10%, we decided to fit the data with two of
the four elastic constants fixed at their average
values for all multilayer samples. This approach
has been used before [7, 9] to reduce uncertain-
ties introduced into the fitted elastic constant
values by the large number of free parameters. In
these studies, ¢33 and c,, were allowed to vary in
the fitting procedure. c,; was chosen as a fitting
parameter to observe whether there was a A-
dependent strain normal to the film surface. For
the previous studies 7, 9] in which the film thick-
nesses were large (300-440 nm), the effect of c,,
on the dispersion curves was decoupled from
the effects of the other elastic constants. For large
values of gh ( = 10), the Rayleigh wave velocity vy
is essentially independent of g, and the c,, con-
stant of the film can be determined very accurate-
ly from the constant value of v;. A A dependence
of ¢y, was observed in Mo-Ta [7] and Cu-Nb [9],
and a A dependence of the Rayleigh mode
velocity was observed in several different metal
multilayer systems [6, 10, 11, 13]. For smaller
values of gh, such as for the Cu-Co samples
(Figs. 2 and 3), ¢, is not decoupled from the
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Fig. 3. Dependence of the velocities of sound on the
product of the in-plane wavevector g and the total film thick-
ness A for the multilayer sample with modulation wavelength
A=824 nm and A=1154 nm; O, experimental data
collected for six different angles of incidence; — —, calcu-
lated using the elastic constant values ¢;; =269 GPa,
¢;3=144 GPa, ¢33 =210 GPa and c,, =47 GPa.



other elastic constants. Nevertheless, because of
the A dependence of c,, observed for other
multilayer systems, we decided to allow c,, to
vary in our fitting procedure. Since the difference
between the lattice constants of f.c.c. copper and
f.c.c. cobalt is very small (about 2%), it is expected
that the in-plane strains between adjacent layers
of the multilayer samples should be very small
and that ¢;; should not depend on A . The elastic
constants c;; and c,; were fixed at the values of
269 GPa and 144 GPa respectively.

The bestit elastic constant values for the
multilayer samples obtained with two and four
free parameters differed by less than 5%. Good
agreement (within 15%) was also obtained
between the multilayer best-fit elastic constants
and those estimated from the best-fit elastic con-
stants of the single-layer films of copper and
cobalt. The differences between the multilayer
best-fit elastic constants and those estimated from
the elastic constants of the bulk metals were
larger (up to 30% for c;;). However, these larger
differences are not surprising since large differ-
ences were observed between the best-fit elastic
constants and the bulk-based estimates for the
single-layer films. A list of the different sets of
elastic constant values is given in Table 1 for the
multilayer sample with A = 8.24 nm.

The dispersion of the mode velocities for the
multilayer sample with A =8.24 nm is shown in
Fig. 3. The full curves were calculated using the
values of c;; and c,, obtained from the fitting
procedure with ¢;; =269 GPa and ¢,; = 144 GPa.
The curves were virtually identical with those
calculated using the best-fit elastic constant
values with all four constants as free parameters.
The measured velocities agree with the velocities
calculated from the fit to within 1.5%. The excel-
lent agreement obtained between the data and
fitted curves in Fig. 3 is typical of all the multi-
layer samples, as well as the single-layer films.

The dependence of the elastic constants on the
multilayer modulation wavelength A is shown in
Fig. 4. The error bars indicated in the figure for
the elastic constants are primarily due to un-
certainties in the film thickness. Therefore, within
the error associated with each constant, we find
that both ¢33 and ¢, for this f.c.c.~f.c.c. multilayer
system are independent of A .

There are two reasons why the absence of a
variation in ¢,, as a function of A is not surpris-
ing. For Mo-Ta multilayers, c,, has been shown
to have the same qualitative A dependence as the
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Fig. 4. Modulation wavelength dependence of the c;; and
¢4y elastic constants for the Cu-Co multilayer samples. The
values of c3; and ¢, were obtained by a least-squares fit of an
acoustic model to the data for each sample with ¢, =269
GPaand ¢;; =144 GPa.

inverse of the average lattice spacing d,, along the
growth direction [7, 28]. Since d,, for the Cu-Co
multilayers was constant to within +0.2%, as
mentioned in Section 2, we do not expect a A-
dependent variation in ¢,, for the Cu—Co multi-
layers. Also, it has been suggested that the size of
the variation in c,, is directly related to the lattice
mismatch between the two metals in the mutli-
layer [7]. Because the structure of the copper and
cobalt in the multilayer films is the same (f.c.c.)
with a very small lattice mismatch (about 2%), we
do not expect ¢4, to depend on A..

4. Summarizing remarks

We have made precise measurements of the
surface acoustic phonon modes for a series of
Cu~-Co multilayer films with a fixed atomic
percentage of cobalt (53 at.%). We have obtained
excellent agreement between the measured and
calculated mode velocities. The best-fit elastic
constants of the multilayer films are significantly
different from those estimated from the elastic
constants of bulk copper and cobalt and
measured single-layer films of copper and cobalt.
The elastic constants of the multilayer films are
independent of the multilayer modulation wave-
length A . The absence of A-dependent variation
in ¢,, seems to be correlated with the absence of a
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A-dependent variation in the average lattice
spacing along the growth direction and with the
small lattice mismatch between the two metals.

With the sensitivity now available for deter-
mining elastic constants using the Brillouin
scattering technique, we are now investigating
elastic property anomalies in greater detail for
metallic multilayers obtained by sputtering and
molecular beam epitaxy to determine the origin
of the anomalies in these materials.
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