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This report summarizes the goals and accomplishments for ONR grant N00014-01-1-0019,
“Acoustics in New Materials”. The technical objectives of this research were to determine
the physical properties of new materials with emphasis on thin films deposited on substrates.
For the most part, experiments involved the measurement of elastic constants and damping.
As derivatives of the free energy with respect to atomic positions, elastic constants are a
sensitive probe of the environment in which all physical processes take place within a solid;
they are a particularly important probe of phase transitions. For studies of thin films on
substrates, these measurements yield information about how the film and substrate interact
and modify behavior.

Published papers, invited presentations, personnel, etc.

Accomplishments during the three year period covered by this report include the publication
of 11 refereed papers, 13 invited lectures, and the presentation of seven contributed papers
at meetings. Of the 11 papers, one was an invited publication in the Reviews of Modern
Physics, and two were published in the prestigious physics journals Physical Review Letters
and Applied Physics Letters. Of the 13 invited lectures, three were university colloquia,
two were lecture series at summer schools, and the rest were presentations at international
meetings.

Two graduate students received Ph.D. degrees, and one received a Master’s degree; all con-
tinued working in acoustics in the US. Two post doctoral scholars were trained in this
research program. A number of undergraduate students made significant contributions to
the research.

A list of the publications, personnel, etc. is presented in the appendix. In the sections which
follow, a summary of the research accomplishments is presented.

Technical Objectives

The technical objectives of this research are to use novel acoustic techniques to study the
physics of new materials with emphasis on thin films deposited on substrates. The thin films
to be measured initially include novel magnetic films and mats of carbon nanotubes|1-3],
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which are the strongest fibers which can be made. The materials used for the magnetic films
undergo a phase transition involving a state of colossal magnetoresistance (CMR)[4-7], and
for CMR films, the interface with substrate has a strong influence on this transition[8-9].
The effects of a substrate interface on CMR and the mechanical properties of the carbon
nanotube mats (as films of ~500 nm thichness on substrates) are both readily studied with
a technique, small sample resonant ultrasound spectroscopy (RUS)[10-13], unique to this
laboratory.

Technical Approach

Our approach for determining the elastic and damping properties of thin films involves small
sample resonant ultrasound spectroscopy (RUS), a reliable and accurate technique which
was developed in our ONR funded research. Ordinarily, RUS is used to determine the
elastic properties of bulk samples; in this case, one measures the dimensions of a sample
and a number of its natural frequencies of vibration, and from this information all of the
elastic properties may be calculated. The natural frequencies are measured as shown in the
figure; one transducer drives the sample at a corner, and at a diametrically opposite corner
a second transducer monitors the response of the sample and detects resonances at the
natural frequencies. Our laboratory is unique in its ability to measure very small samples,
only a few hundred microns in dimension and less than 100 micrograms in mass. In order
to measure the mechanical properties of a thin film, one measures the natural frequencies
of a substrate on which a thin film is deposited, and (separately) the natural frequencies
of the substrate alone. From the difference in the measured frequencies, all of the elastic
and damping properties of the thin film may be determined. In order for a difference in
the frequencies to be measurable, the substrate must not dominate the sample. Thus small
substrates are necessary, and our unique small sample RUS technique is essential.

driver sample receiver l ‘ . l

resonance frequencies

Fig. 1. Schematic of the Resonant Ultrosound Spectroscopy method.

Results

Results were obtained in three areas: a) We have studied strained as well as annealed films
of Colossal Magnetoresistance (CMR)[4-7] material (a candidate for the next generation of
high density data storage devices) at various film thicknesses, and have observed that there
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is more than one elastic anomaly which accompanies the CMR transition. The anomalies
appear as changes of only a few percent in elastic constants in films which are only one part
in 1000 of the whole sample. A paper has been written for submission to Physical Review
Letters. b) We are confirming our original observation of the unexpected effect that coatings
of carbon nanotubes on surfaces can reduce mechanical dissipation. A number of technologi-
cally important materials have been successfully tested, including silicon, alumina, strontium
titanate, and quartz. We are investigating theories involving surface morphology by making
Scanning Force Microscope (SFM) measurements. c) We have made RUS measurements
on crystals of corundum (also known as alumina, a very important industrial material) and
have corrected an error (made by the National Bureau of Standards) which has existed in
the literature for over thirty years. A paper describing this result has been prepared for
submission to Physical Review Letters.

Thin Films of Colossal Magnetoresistance (CMR) Material

Colossal Magnetoresistance is currently of great interest in physics because the effect involves
an intimate interaction among electronic, magnetic, and elastic properties. A CMR material
undergoes a magnetic phase transition at a critical temperature, and near this point the
electrical resistance is a rapidly varying function of magnetic field, making CMR ideal for
magnetic sensors in the next generation of high-density data storage devices. In the absence
of a magnetic field, the CMR transition is indicated by a peak in resistance versus tem-
perature. Most applications require CMR material in thin films, and the strain induced by
lattice mismatch with the substrate alters the properties of the film; e.g., the peak resistance
temperature decreases for thinner films[8-9]. Phase transitions and the effects of strain are
readily detected by measuring elastic constants, and one would expect there to be some
feature in the elastic constants near the CMR. transition at the peak resistance temperature.

Our elastic constant measurements were the first for any CMR film. The CMR material
studied was Lag7CagsMnQOs. Fig. 2a. 2b, and 2c show results for an annealed (bulk)
sample, a strained 400 nm film, and a strained 200 nm film, respectively. Each figure shows
the elastic constants C11 and C44, and the electrical resistance as functions of temperature.
For each sample, there is a feature (jump and/or a change in slope) near the peak resistance
temperature. However, there is also feature about 17 K higher in temperature. All features
decrease in temperature as the strain increases in the thin films, tracking the peak resistance
temperature. It may be speculated that a higher temperature structural change may set the
environment for the magnetic transition at the lower temperature.
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Figure 2. Results of resonant ultrasound spectroscopy measurements on a film of a colossal
magnetoresistance material. a) 400 nm annealed film, b) 400 nm strained film, and c) 200
nm strained film.

Thin Films of Carbon Nanotubes

When carbon atoms are released into a controlled atmosphere, either in a carbon arc or
by laser ablation, the atoms may regroup into stable clusters of 60 atoms in a “soccerball”
pattern, referred to as molecular C60. If certain transition metal atoms are present when
the C60 is trying to form, then a metal atom may chemisorb onto the rim of a half formed
soccerball and prevent it from closing into a sphere. The subsequent accretion of carbon
results in the growth of a cylindrical tube, which may reach a length of many microns, with
a diameter as small as 1 nm. Such fibers are called single-wall nanotubes (SWNT’s) and
are believed to be by far the strongest fibers that can be made. SWNT fibers are essentially
graphite (hexagonal) sheets rolled into tubes with hemispherical fullerene end-caps. Thin
films of SWNT’s may be deposited as thin films on a substrate; the SWNT’s form tangled
mats which bond to the substrate, probably through defects along the tube walls. It was
anticipated that when the substrate moved (in bending modes, etc.) the nanotubes would
slide over one another, dissipate energy, and increase damping.

Contrary to the expected result, it was found that the films of SWNT’s, particularly at
certain thicknesses, reduced damping. When the substrates were driven at resonance, the
SWNT film caused the width of the resonance curve to be reduced (as illustrated in Fig.
. 3), and the quality factor (Q) to be increased, by as much as a factor of five. In our recent
research, this phenomenon has been successfully reproduced on a number of technologically
important materials, including silicon, alumina, strontium titanate (a common substrate for
thin film research), and quartz. Other tests have shown that carbon in forms other than
SWNT’s do not produce the enhanced Q effect. We speculate that the SWNT enhanced Q
effect results from the SWNT’s bridging microcracks on the substrate surface, eliminating
them as a source of dissipation; microcrack dissipation is caused by nonlinear opening and
closing, converting the macroscopic vibration into thermal modes. This theory was confirmed
by making Scanning Force Microscope (SFM) measurements.
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Figure 3. Illustration of the increase in the quality factor of a small mechanical resonator
when a film of carbon nanotubes is deposited on a surface.
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