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Surface Brillouin scattering at high pressure: Application to a thin supported gold film
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~Received 28 June 1999; revised manuscript received 27 September 1999!

Surface Brillouin scattering~SBS! has been used to examine the elastic properties of a supported gold film
at high pressure. The velocities of the acoustic modes of a 99 nm thick film have been measured to a pressure
of 4.8 GPa, by means of a gem anvil cell with cubic zirconia anvils. A large stiffening of the film has been
detected, most clearly revealed by an increase in the value of thec44 elastic constant. The work demonstrates
the potential of the SBS technique in high-pressure studies of the elastic properties of opaque materials.
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Brillouin scattering ~BS! is the inelastic interaction o
light with the acoustic phonons of a solid or liquid medium
It has been used for many years to measure the elastic p
erties of transparent materials at various temperatures
high pressures.1–3 Since the advent of high contrast Fabr
Perot interferometers, it has developed into a powerful te
nique for the measurement of the surface acoustic excitat
and elastic properties of opaque crystals, films, and laye
materials. Such measurements have been extended rec
to high temperatures.4,5 The present work reports a surfac
Brillouin scattering~SBS! measurement at high pressure u
ing a gem anvil cell.

The SBS technique has been reviewed in detail in
literature.6 A surface Green’s function approach is used
conveniently model the surface dynamics of the sample
sponsible for the inelastic scattering of the incident ligh7

This formalism has been extended to the present system
sisting of a substrate~glass!, a thin film ~dc-sputtered gold!,
and a liquid pressure medium~silicone oil!.

A modified form of the miniature Merrill-Bassett pressu
cell,8 employing cubic zirconia anvils, was used for the
measurements. The anvils and the support structure of
cell were redesigned to permit the laser light beam to
incident obliquely on the sample and to prevent clipping
the collected light cone. The square glass substrate of th
ness 90mm and width 300mm was mounted on the uppe
anvil culet and held by epoxy cement around its perime
~see Fig. 1!. A stable sample position is required for th
accurate knowledge of the angle of incidence. Also, si
high surface quality is essential for SBS, great care w
taken during loading to prevent solid contact with the film

For SBS measured in backscattering, the angle of in
dence (u i) determines the wave vector of the surfa
phonons engaged in the scattering, and this information
gether with the measured frequency shift (Dv), yields the
wave velocity (v5Dv/2ki sin(ui), whereki is the magnitude
of the wave vector of the incident light!. The modifications
to the cell allowed the measurement of dispersion curve
the form of velocity versusu i at each pressure. A sma
rectangular collection aperture (63.5°) was used to improve
resolution and accuracy9 while preserving an adequate sign
to noise ratio owing to the excellent sensitivity of the silic
avalanche diode detector. The use of a microscope pro
essential in focusing and positioning the laser beam in
PRB 600163-1829/99/60~22!/14990~4!/$15.00
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cell cavity to within the same 100mm spot of the film sur-
face for each measurement. The SBS spectrometer empl
a Sandercock 313 pass tandem Fabry-Perot interferomete10

The particular choice of sample for this initial SBS e
periment at high pressure was made for several reas
High-pressure studies of the elastic properties of bulk so
by ultrasonics are well established.11 The complementary
technique of SBS is one of the very few methods available
examine opaque thin films less than a few hundred nan
eters thick.12 Owing to the anticipated reduction in sign
strength from inside the cell, it was considered advisable
select a material with a high scattering efficiency and a
tailed thin-film SBS spectrum@Fig. 2~a!#. Gold was chosen
for this property and for its chemical inertness. A depth p
file study by x-ray photoelectron spectroscopy~XPS! re-
vealed a pure film with minimal or no surface or interfa
contamination. XPS combined with a step profile measu
ment set the thickness of the film at 9963 nm.13 X ray-
diffraction measurements confirmed the preferred orienta
of the crystallites, with the@111# direction normal to the
substrate and with the two orthogonal axes randomly
ented. The average of the calculated Voigt and Reuss ela
constants for the resulting transversly isotropic14,15 system is
listed in Table I together with the cubic single-crystal value

FIG. 1. Schematic of cell cavity showing sample orientation a
scattering configuration. The small dashes represent the path o
collected light corresponding to the backscattera, and platelet ge-
ometriesb. The scattering can be observed for light incident
either side of the gold film, since both are corrugated by the g
surface modes. The glass side was chosen for the reasons giv
the text.
R14 990 ©1999 The American Physical Society
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The scattering configuration within the cell, because
the reflective film, was a combination of the backscatter a
‘‘platelet’’ 16 geometries~Fig. 1!. This resulted in several dis
tinct contributions to the Brillouin spectrum from the su
rounding materials. Depending on the nature of the m
and the material, these could be of similar intensity or ord
of magnitude greater than the signals of interest. Succes
observation was thus occasionally difficult. On the oth
hand the configuration allowed the simultaneous meas
ment of the glass compressional and shear frequencies. C
parison of the frequencies of the compressional mode co
sponding to the two geometries yielded the glass refrac
index. Both elastic moduli of the substrate~i.e., c11 andc44)
could then be calculated. This was useful because the ac
tic behavior of a surface region is in general intimately d
pendent on the elastic properties of the upper~sample or
substrate! and lower~pressure medium! materials. Thus it is
in principle necessary to acquire and interpret not just one
of Brillouin frequencies as in the case of scattering fro

FIG. 2. ~a! Measured SBS spectrum from gold film/air interfa
at u i545°, showing the modified Rayleigh~MR! and Sezawa
modes~S1, S2!. ~b! The SBS spectrum from the glass/gold fil
interface at 4.8 GPa andu i550.4°. GS is the glass shear mode. T
obtain the frequency shift, the peaks were fitted with a Lorentz
curve and baseline combination.

TABLE I. Elastic stiffness constants of gold film at ambie
pressure and at 4.8 GPa. Values in GPa.

c11 c12 c13 c33 c44

Single-crystal valuesa 190 161 - - 42.3
Voigt/Reuss@111# average 212 154 142 225 21.3
@111# fit to ambient data 212b 154b 142b 199 21.3
@111# fit to 4.8 GPa datac 212b 154b 142b 282 44

aReference 21.
bNot varied in fit.
cThe measured high-pressure value of the glass shear modulus~36.5
GPa! was used in these calculations.
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transparent samples at high pressure, but two, or even thr
the sample takes the form of a supported thin film.

We found it prudent to choose a combination of materi
that minimizes this dependence. The observed ambient p
sure spectrum of Fig. 2~a! contains the responses due to t
surface modes of the gold film. The dominant peak is due
the modified Rayleigh surface mode~MR!. Since the sub-
strate shear velocity was very much larger than that of
film the others are identified as first- and second-or
Sezawa guided modes.7 The Green’s function method dis
cussed above shows that for a large range of bulk modulu
liquid pressure medium~such as silicone oil17! has little ef-
fect on the frequency of the surface modes. On the ot
hand, the behavior with pressure of a solid substrate, suc
glass, has a somewhat more important effect mainly du
changes in its shear modulus. As discussed below, the
served decrease in the velocity of the MR mode at aroun
GPa, for example, can be attributed to the observed softe
in the glass substrate. The amorphous nature of the g
however, was a distinct practical advantage since knowle
of the azimuthal angle was not required in the evaluation
the SBS results. It should also be noted that the calcula
effect of the substrate and even of a pressure-induced so
fication of the silicone oil on the velocity of the film-guide
Sezawa modes was minimal, at least to the pressure repo
here. We conclude therefore that the large increase obse
in the velocity of the first Sezawa mode was indicative
real changes in the elastic properties of the gold film at h
pressure.

For purposes of comparison SBS and BS measurem
were made on the sample before pressurization@Tables I and
II and Fig. 2~a!#. The Voigt/Reuss elastic constants of Tab
I for the strongly textured film were used as initial estima
in a least-squares fitting procedure to the ambient pres
dispersion curves~Fig. 3!. Since contributions fromc11, c13,
and c33 were similar, only two parameters were treated
free in the calculation,15,18, namelyc33 andc44. The fit was
excellent and coincided with a decrease inc33 of about 12%
from the initial estimate. The observation that a fit assum
isotropic symmetry was significantly less successful dem
strates the importance of the film texture. These results
be compared with those of Grimsditchet al.19 The value for
c44 found in the latter reference is about 13% less than t
reported here. This discrepancy may be related to the dif
ent deposition method used to produce the film in the t
cases and to the degree of film texture.

The observed velocity of the MR mode for a single inc
dent angle versus pressure is shown in Fig. 4. Also sho
are the calculated velocities corresponding to the obser
changes in the glass moduli only. The reduction near 1 G
is consistent with other observations of the behavior of c
tain glasses in the low-pressure region.20 The corresponding
calculated and observed first Sezawa velocities at the p

n

TABLE II. Measured SiO2 content, refractive index, density
and elastic moduli of glass substrate under ambient conditions

SiO2 ~%! n r(g cm23) c44 ~GPa! c11 ~GPa!

64.1a 1.52 2.51 29.4 80.8

aDetermined using x-ray fluorescence.
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sures at which these modes were observed are also plo
The increasing separation of the values at high pres
shows that the increase in the film mode velocities is
only due to changes in the elastic properties of the subst
A fit to the data at a pressure of 4.8 GPa@e.g., Fig. 2~b!#
yields the dashed dispersion curves in Fig. 3. Although
second Sezawa mode was consistently hidden by the g
transverse peak, an increase in the velocity of the other
modes is evident. The corresponding change in the ela
constantsc33 andc44, calculated from the high-pressure di
persion curves of Fig. 3, is large~Table I!. There is of course
no physical reason to assume an increase in two cons
only. Changes inc11 and c13 would be compensated by
smaller increase inc33 ~but notc44, which is largely decou-
pled from the other three constants!. A likely explanation for
the large change inc44 hinges on the mismatch between t
glass and gold bulk moduli. The large compressibility of t
glass results in a large induced compressional stress in
plane of the film at high pressure. This is in agreement w
the observed recurrent delamination of the film above 5 G
SBS measurements performed on the recovered and i
4.8 GPa sample did not suggest any permanent chang
the film constants. This may be in accordance with the
served elastic behavior of the substrate. A quantitative an
sis of the effect will be reported elsewhere.

FIG. 3. Computed dispersion curves for the gold film data~sym-
bols! at ambient pressure~continuous lines! and 4.8 GPa~dashed
lines!.
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In conclusion, SBS measurements have revealed a l
increase in the effective stiffness of a glass supported p
crystalline gold film at high pressure. This is most clea
revealed by the enhancement in the value of the goldc44

elastic constant. The work has illustrated the potential
SBS to measure the elastic properties of supported opa
thin films at high pressure. Future developments may incl
the use of diamond anvils to greatly increase the press
range and an extention to high temperatures; as such
technique would provide an alternative to the ultraso
methods using multianvil presses.11 Practical applications in-
clude the assessment of mechanical performance of hard
ultrahard coatings at elevated external stress and the stud
bulk opaque minerals under deep-Earth conditions.

The authors would like to thank A. L. Ruoff for sugges
ing the mechanism responsible for the induced stress in
film at high pressure, as well as M. Grimsditch and M.
Manghnani for valuable discussion. We would also like
thank J. van der Vyfer~Microchip Corporation! for preparing
the gold films and substrates, and P. Huebscher for fabri
ing the CZ anvils. We express our gratitude to the Natio
Research Foundation of South Africa~formerly the Founda-
tion for Research Development! for financial support of this
work.

FIG. 4. Measured modified Rayleigh and first Sezawa veloci
~solid squares and circles, respectively!, and corresponding calcu
lated values~open squares and circles, respectively! assuming only
the observed changes of the glass substrate. For all pointsu i542°.
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