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Characterization of isotropic solids with nonlinear surface acoustic wave pulses
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Texas A&M University, Department of Physics, College Station, Texas 77843-4242

~Received 9 October 2000; published 6 February 2001!

The nonlinear propagation of high-amplitude surface acoustic wave~SAW! pulses in two isotropic materials,
polycrystalline aluminum and synthetic fused silica, was studied and exhibited qualitatively different types of
nonlinear behavior. A single SAW pulse excited by a nanosecond laser pulse through a strongly absorbing
layer was detected at two probe spots along the propagation path with a dual-probe-beam deflection setup. In
this way the nonlinear changes of the SAW pulse shape were observed. For aluminum, the compression of the
SAW pulse and formation of one negative~inward the solid! narrow peak in the registered normal surface
velocity and a shock front in the in-plane velocity were detected. This nonlinear behavior corresponds to a
positive value of the nonlinear acoustic constant responsible for the local nonlinearity. For fused silica, the
temporal extension of the SAW pulse and formation of two positive sharp peaks in the normal velocity related
to two shock fronts in the in-plane velocity were registered. In this case the acoustic constant of the local
nonlinearity is negative. The nonlinear acoustic constants for each material were evaluated by fitting the
theoretical model based on the nonlinear evolution equation to the registered SAW pulses. The values obtained
were found to be consistent with those calculated from nonlinear elastic moduli of the third order, measured
previously with different techniques for similar materials. The characterization of solids by their nonlinear
acoustic and elastic constants promises to be complimentary and more specific than the characterization based
on the linear properties.

DOI: 10.1103/PhysRevB.63.085413 PACS number~s!: 62.65.1k, 43.25.1y, 62.20.2x
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I. INTRODUCTION

Studies of nonlinear properties of surface acoustic wa
~SAW’s! recently attracted substantial interest in differe
fields.1 Nonlinear characteristics of solid materials set t
limit for achieving high signal-to-noise ratios in many ‘‘lin
ear’’ applications including acousto-electronic delay line
filters, and sensors. Some devices for signal processing,
as convolvers and correlators, just utilize nonlinearity
their functioning. In seismology, nonlinear processes
play an essential role in the propagation of seismic wa
generated by earthquakes.2 Changes in the profile of high
amplitude SAW’s can strongly affect their interaction wi
mechanical particles residing at the surface, and can be
for enhancing the surface cleaning effect.3 In materials sci-
ence, studies of the nonlinear behavior of SAW’s prov
data for the determination of nonlinear elastic and acou
constants.4 These constants can be used in a novel appro
for materials characterization, in particular under conditio
of strong dynamic loading. The observation of nonlinear
in SAW’s is facilitated by their localization in a layer nea
the surface with about one wavelength depth.

In earlier related experiments the generation of hig
harmonics in SAW’s was observed with interdigit
transducers,5,6 but only recently first observations of strong
nonlinear SAW pulses with formation of shock fronts we
performed with laser generation and detection technique4,7

The correct theoretical description of nonlinear SAW’s h
been a long-standing problem. Two comprehensive mo
were developed recently for the description of nonline
SAW pulses: one model employs a Hamiltonian formalism8

and the other model describes the surface velocities
SAW’s with an evolution equation.9 The approach based o
the evolution equation gives a consistent description of n
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linear SAW’s without anya priori assumptions on the deca
of the velocity into the depth of the solid. In addition, th
approach permits a rather simple interpretation of the res
using three nonlinear acoustic constants. Therefore it will
used in our consideration.

In this work we used laser-generated high-amplitu
SAW pulses to study nonlinear properties of two isotrop
materials: polycrystalline aluminum and synthetic fus
silica, demonstrating in this way the versatility of the meth
and its applicability to studies of different classes of solid
We have shown that these two materials possess diffe
signs of the acoustic constant responsible for the local n
linear distortions and therefore high-amplitude SAW puls
exhibit in them two qualitatively different types of nonlinea
behavior.

II. EXPERIMENTAL ARRANGEMENT

In the present study, aQ-switched Nd:yttrium aluminum
garnet~YAG! laser with a pulse energy of up to 100 m
duration of 26 ns and optical wavelength of 1.06mm was
employed as the excitation laser~EL in Fig. 1!. Samples of
polycrystalline aluminum~an alloy with 97.9% Al, 0.6% Si,
0.28% Cu, 1% Mg, 0.2% Cr! had lateral dimensions of 76
376 mm2 and a thickness of 4 mm, which was sufficient f
observation of the pure surface Rayleigh mode for all h
frequencies of interest~.1 MHz!. The dimensions of the
synthetic fused silica samples~Suprasil 1! were 40340
33.5 mm. For the generation of SAW’s with a plane fron
the laser pulse was sharply focused with a cylindrical le
CL to a strip with a length;10 mm and a width;10 mm.
The energy of the laser pulse was high enough to cause
tical breakdown at the surface of both fused silica and a
minum, which was accompanied by an audible respon
©2001 The American Physical Society13-1
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However, the generation mechanism associated with op
breakdown could not provide sufficient amplitudes for t
observation of nonlinear SAW pulses, since the efficiency
the generation process was strongly reduced by the scree
of the laser radiation by the plasma formed in the ioniz
vapor. In order to maximize the conversion of the laser pu
energy into mechanical energy, a thin~about 100 mm!
strongly absorbing a layer of carbon suspension in water
deposited before the excitation in the area of the laser i
diation spot on the surface. For efficient generation the th
ness of the carbon layer was made larger than the penetr
depth of the laser radiation into the layer.

The dual-probe-beam-deflection technique4 was used for
the detection of nonlinear SAW’s. This technique provid
the possibility to register the nonlinear transformation
SAW pulses in a single laser shot, which is important
avoid errors connected with variations of the output ene
of the pump laser.

In the detection setup, the initial beam of the probe la
PL ~Spectra Physics cw diode-pumped solid-state la
‘‘Millenia’’ with an output power of up to 5 W! was split
into two subbeams by the beam splitter BS. The subbe
were focused onto the sample surface with the gradient-in
lenses L1, L2 to form two probe spots of about 8mm size.
This allowed us to probe the SAW pulse shape with na
second resolution in a small portion of the wave front. T
registration was performed in the far wave field several m
limeters away from the source, so that all transient proce
of the generation were excluded.

After reflection from the sample surface each of the s
beams was split and detected by a pair of photodiodes~PD1
and PD2, respectively!. The outputs of the photodiodes i
each pair were connected differentially, thus providing a s
nal proportional to the angular shift of the subbeam. T
shift is determined by a change of the surface inclinat
within the probe spot. When a SAW pulse is passing throu
the probe spot the surface inclination is proportional to
normal component of the surface velocity. For an abso
measurement of the normal surface velocity the detec
setup was calibrated before each laser shot. For this pur
a signal was registered for an artificially created surface
clination of known magnitude.

FIG. 1. Schematic outline of the experimental setup.
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The level of the probe laser power was chosen accord
to the reflectivity of the sample. It was set high enough~200
mW for aluminum and about 1 W for fused silica! to com-
pensate for the decrease of the laser power due to the lo
on the mirrors, the surface of the sample, and in the be
splitter, so that sufficient signal-to-noise ratio~typically
about 20! could be obtained. The upper limit for the pow
of the probe beam was set to avoid the melting of the sam
surface and saturation of the photodiodes. The SAW pu
signal was registered in a wide frequency range with a dig
oscilloscope~Tektronix TDS 680 C, 1 GHz real-time band
width!.

III. THEORETICAL MODEL

The deposition of the laser pulse energy in the thin
sorption layer and subsequent thermalization produce an
crease of pressure and a strong pulse in the normal f
acting on the surface of the solid. The focusing of the la
beam in a narrow strip creates a line-shaped source, w
can be modeled as a pressure pulsep(r ,t) with a Gaussian
spatial and temporal distributionp(r ,t)5p0 exp@2x2/a2

2t2/t0
2#, wherea andt0 are the characteristic source dime

sion and duration of the pulse. Since the pressure impa
still small in comparison to the elastic moduli of the solid,
linear approximation can be used to evaluate the SAW pu
in the wave field close to the source. The normal compon
of the surface velocity can be described by the expressio10

v~r ,t !5
cR

4

acRt0

b2

p0

rct
2 GgE

0

`

k exp~2k2/4!cos~kj!dk.

~1!

Here b5(a21cR
2t0

2)1/2 is the characteristic wavelength o
the SAW pulse, and the dimensionless combinations of
elastic constants can be presented in the form

g5@~12d/d1!/~12d!#1/4,
~2!

G5$~12d/2!@~12d!211~d12d!21#22%21,

where d5cR
2/ct

2, d15cl
2/ct

2, and ct,l ,R are the propagation
velocities of the transversal and longitudinal bulk acous
waves and surface Rayleigh waves. For aluminum the va
consistent with our measurements and used for calculat
are cl56.423105 cm/s, ct53.113105 cm/s, cR52.91
3105 cm/s,g51.58,G50.38,r52.70 g/cm3, and for fused
silica cl55.943105 cm/s, ct53.793105 cm/s, cR53.42
3105 cm/s, g51.38,G50.64,r52.20 g/cm3.

The appearance of the acoustic nonlinearity is connec
with the nonlinear elastic behavior of the solid material. T
shape of the high-amplitude SAW pulse is changing as n
linear distortions are accumulated with the propagation d
tance. This process can be described by an evolu
equation.9 Taking into account attenuation, which becom
especially important with the nonlinear steepening of
wave fronts, the evolution equation for the tangential co
ponent of the surface velocityv in the case of SAW’s with a
plane front can be presented in the form
3-2
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cR
2 ]v

]x
5«1v

]v
]t

1
«2

2

]

]t
$v21~H@v# !2%

1«3H v
]v
]t

1HFvHF]v
]t G GJ 1b

]2v
]t2 . ~3!

Heret5t2x/cR is the retarded time. The nonlinear acous
constants«1,2,3 include combinations of the shear and bu
moduli as well as the third-order nonlinear moduli of t
solid.11 H@v# is the Hilbert transform operator@see Eq.~4!#.
Equation~3! describes the changes in the wave profile~left-
hand side! induced by the different effects presented by t
terms on the right-hand side: dependence of the propaga
velocity on the amplitude~this term is proportional to«1 and
describes the local nonlinearity!, nonlocal nonlinear interac
tions in the SAW~the terms containing«2 and «3), and
absorption proportional to the attenuation parameterb.

The SAW amplitude can be conveniently characterized
the acoustic Mach numberM5v/cR , defined as the ratio o
the peak in-plane surface velocity to the propagation velo
of the SAW. It is equal in order of magnitude to the relati
deformation of the material and to the surface inclinat
produced by the SAW. For the observation of nonline
acoustic effects, the acoustic Mach number should be s
ciently large; however, numerically it still remains a sm
parameter.

It should be noted that the normal component of the s
face velocityvn as a function of the retarded time can
calculated from the in-plane component and visa versa u
the Hilbert transform operator

v5
1

g
H@vn#, vn52gH@v#,

~4!

H@v#5
1

p
PE

2`

1` v~ t8!dt8

t82t
.

The constantg is defined in Eq.~2!.
Equations~3! and~4! were solved numerically using the

Fourier transform representations.9 To limit high frequencies
at shock fronts a small artificial attenuation withb;3
31028 cm was introduced. The shape of the SAW pulse
the second registration spot was calculated from the wa
form measured at the first registration spot. Thus, for
determination of the nonlinear acoustic constants the S
pulse shape itself at the first distance is not important, si
these constants are extracted from thechangeof the pulse
shape during the nonlinear propagation.

IV. RESULTS

The linear SAW pulse excited in aluminum and registe
at a distance ofx1516 mm from the source is shown in Fig
2. The amplitude of the pulse, is relatively small in this ca
~the corresponding Mach number is about 1023). In Figs.
3~a! and 3~b! the waveforms of a SAW pulse with a muc
higher amplitude~Mach number is about 531023) detected
at two distances from the sourcex1513.9 mm andx2
526.7 mm are shown. As follows from comparison with t
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calculated waveform of Fig. 2, for the generation of such
high-amplitude pulse a pressure of;3 GPa should have bee
reached in the excitation region. The first waveform, m
sured at the smaller distance, has a duration of 70 ns@full
width at half maximum~FWHM!# while the second wave
form measured at the larger distance has a duration of 45
Thus, in aluminum the nonlinearity caused temporal co
pression of the central high-amplitude part of the SAW pu
during propagation. At the second distance, the nega
peak becomes narrower; however, the two wings of the pu
decay slower from the center of the pulse. This means
simultaneously with frequency up-conversion processes
down-conversion takes place.

The corresponding in-plane components of the surface
locity for the pulses of Figs. 3~a! and 3~b! were calculated
with the Hilbert transform and are shown in Figs. 4~a! and
4~b!. The time interval between the peaks of the negative
positive polarity in the in-plane velocity component d
creases with propagation distance. This means that the
of the pulse with negative polarity moves slower than t
part of the pulse with positive polarity. As a result, one sho
front is formed in the center of the pulse. This shock fro
corresponds to a sharp negative peak in the normal sur
velocity @see Fig. 3~a!#. The amplitude of the in-plane sur
face velocity in our experiments with aluminum was abo
13 m/s and corresponded to a Mach number of;0.005.

Solid lines in Fig. 3~b! and Fig. 4~b! show the pulse cal-
culated with Eqs.~3! and~4! at the second distance, when th
first observed waveform was used as the initial profile in
calculation. The waveforms plotted were obtained by va
ing two nonlinear acoustic constants«1 and «3 , and fitting
the calculated waveform of the normal surface velocity at
second distance to the experimentally observed one.
constant«2 depends only on the second-order elastic c
stants according to the explicit expressions for this consta11

and is determined with an accuracy;1%; therefore its value
was fixed in the calculation as«2521.02.

In Fig. 5 waveforms of SAW pulses observed in fus

FIG. 2. SAW pulse of relatively small amplitude~‘‘linear
pulse’’! registered in aluminum at a distancex513.9 mm. Open
circles, experimental points; solid line, calculation according to E
~1! with p050.55 GPa.
3-3
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AL. A. KOLOMENSKII AND H. A. SCHUESSLER PHYSICAL REVIEW B63 085413
silica are shown. The waveform at the first distance has
duration of the positive peaks about equal to that of the ne
tive phase of the pulse. With an increase of the propaga
distance the positive peaks acquire higher amplitudes
become narrower, the duration of the central negative pa
the pulse increases leading to an increase of the whole d
tion of the pulse. At large distances the waveform tends
acquire an universal shape with two narrow positive pe
separated by a valley. The solid line presents the result o
calculation with Eqs.~3! and ~4!, open circles show experi
mental points.

When the SAW pulse had an amplitude slightly above
one shown in Fig. 5, the formation of small cracks on t
pulse track was observed in fused silica at distances 5
mm from the source. The shape of the pulse was more
torted in this case. The cracks observed may result from
formation of shock fronts, when the stress in the mate
exceeds the limit of fracture.

The corresponding in-plane components of the surface
locity for the pulses of Figs. 5~a! and 5~b! are shown in Figs.

FIG. 3. Normal surface velocity of the nonlinear SAW pul
measured in aluminum at distances~a! x1513.9 mm and~b! x2

526.7 mm from the source. Open circles, experimental poi
solid line, calculation with the evolution equation~2!.
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6~a! and 6~b!. At the larger propagation distance (x2
515.72 mm) two clearly seen shock fronts are forme
These shock fronts correspond to the observed peaks in
normal surface velocity. The shock front formed in the he
of the pulse propagates with lower velocity than the sho
front formed in the tail. The difference in their velocities
;16 m/s, or 0.5% ofcR . This difference is responsible fo
the observed increase of the pulse duration. The amplitud
the in-plane surface velocity at the first distance cons
;20 m/s and corresponds to a Mach number;0.006.

The calculations revealed that the same absolute cha
in three nonlinear acoustic constants cause different m
square deviations of the calculated and experimental wa
forms. For comparison, a change of 0.1 from the optim
values provided relative deviation of 30% for«1 , 8% for«2 ,
and 6% for«3 . Thus, the accuracy of the evaluation of the
constants was higher for«1 and less for«2 and«3 . However,
as«2 depends only on the elastic moduli of the second ord

;

FIG. 4. In-plane surface velocity corresponding to the wa
forms of Figs. 3~a! and 3~b! measured in aluminum at distances~a!
x1513.9 mm and~b! x2526.7 mm from the source. Open circle
calculation with the Hilbert transform using experimental poin
solid line, calculation with the evolution equation~2!.
3-4
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CHARACTERIZATION OF ISOTROPIC SOLIDS WITH . . . PHYSICAL REVIEW B63 085413
its value was fixed and only two constants«1 and «3 were
varied in the fitting procedure.

The procedure of the constant evaluation was repe
with five pairs of measured pulses for each material.
aluminum the following set of nonlinear acoustic consta
was determined:«150.760.1, «2521.0260.01, and«3
52.560.5. For fused silica the evaluation yielded«1
520.860.1, «2520.2560.005, and«352460.5.

V. DISCUSSION

Our results demonstrate that with an increase of the S
pulse amplitude changes in the pulse shape due to nonlin
ity take place. It follows from our calculations that variatio
of «1 ~among three nonlinear constants! produce the larges
effect on the nonlinear transformation of SAW pulse
Therefore we will refer to«1 as the main nonlinear constan

For practical applications a rather important quantity
the length of the development of nonlinearity, or simply t
nonlinear length. At this length the formation of a shock
an essential nonlinear distortion in the shape of the SA

FIG. 5. Normal surface velocity of the nonlinear SAW pul
measured in fused silica at two distances:~a! x154.6 mm and~b!
x2515.7 mm from the source. Open circles, experimental poi
solid line, calculation with the evolution equation~2!.
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pulse occurs. Since«1 induces the strongest effect on th
nonlinear evolution of a SAW pulse, the nonlinear length c
be estimated asL;crt/2«1M , wheret is the SAW pulse
duration. For aluminum withM50.005 andt570 ns we find
L529 mm, and for fused silica withM50.006 and t
560 ns we findL521 mm. These estimates agree well wi
the observed shock front formation within distances of ab
20 to 30 mm.

For aluminum, the parts of the pulse with higher in-pla
velocity component propagate faster. This is in agreem
with the positive value of the main nonlinear constant fou
for aluminum by fitting the theoretical model to the observ
pulses.

In contrast, for fused silica the parts of the pulse w
higher in-plane velocity component propagate slower. T
conclusion complies with the negative value of the ma
nonlinear constant found for fused silica.

The nonlinear acoustic constants for polycrystalline a
minum alloys can be calculated from the data on second-

; FIG. 6. In-plane surface velocity corresponding to the wa
forms of Figs. 5~a! and 5~b! measured in fused silica. Open circle
calculation with the Hilbert transform using experimental poin
solid line, calculation with the evolution equation~2!.
3-5
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third-order elastic moduli, determined from propagation v
locities of ultrasonic waves in uniaxially stresse
specimens.12 For different alloys the calculated nonline
constants varied within the limits«150.83– 1.01, «2
5(20.84) – (21.02), and«352.86– 5.95. Thus, our result
are consistent with these values, although for a more th
ough comparison of values determined by different meth
the measurements should be performed on samples
equal composition and properties.

The nonlinear acoustic constants for synthetic fused si
~Suprasil 1! determined in this work («1520.860.1 and
«3524.060.5) correlate well with the values«1520.84
and «3524.2, which we calculated from the third-orde
elastic moduli.13 These moduli were determined for synthe
fused silica with the acoustic harmonic generation techni
combined with ultrasonic beam mixing. We calculated a
the nonlinear constants for fused quartz~Herasil! «1
521.37 and«3522.9 from the third-order moduli, mea
sured for this material with the hydrostatic compression a
uniaxial loading method.14 The values for«1,3 correlate bet-
ter with the nonlinear acoustic constants«1521.060.3 and
«352261 determined in Ref. 4 also for Herasil. The
findings suggest that measurements with laser-gener
nonlinear SAW pulses allow to register differences in t
values of the nonlinear constants of fused quartz and s
thetic fused silica. They reflect differences in manufactur
procedures resulting in different structures and phys
properties. Indeed, fused quartz is formed from a melt
crushed crystalline quartz, whereas fused silica is produ
by chemical combination of silicon and oxygen with flam
hydrolysis or in a chemical vapor deposition process.15 As a
result, synthetic fused silica contains much less impuri
and inhomogeneities, such as bubbles and striae, than f
quartz. It should be noted that the elastic moduli of the th
order for synthetic fused silica and fused quartz13,14 as well
as nonlinear acoustic constants («1 and«3) for these mate-
rials differ by at least 30%, whereas elastic moduli of t
second order differ by only less than 1%. This comparis
demonstrates that elastic moduli of the third order, wh
characterize the nonlinear elastic response of the mate
are much more sensitive to the process of preparation and
structure of the material, than the elastic moduli of the s
.

s,

.
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ond order corresponding to a linear response. Conseque
the measurements of nonlinear acoustic constants pro
complimentary possibilities and some advantages for ma
als characterization.

VI. SUMMARY

Two qualitatively different types of nonlinear behavior
high-amplitude SAW pulses were observed, one in polycr
talline aluminum and the other in synthetic fused silica~Su-
prasil 1!. The nonlinear acoustic constant of the local no
linearity («1) was found to be positive for aluminum. As
result, the compression of the SAW pulse and formation
one shock front in the in-plane surface velocity and a narr
negative~inward the solid! peak in the normal surface veloc
ity were observed for this material. For fused silica the co
stant«1 was found to be negative and the temporal extens
of the pulse was observed. In this case two shock fronts w
formed in the leading part and the tail of the in-plane surfa
velocity. These shock fronts corresponded to two posit
peaks in the normal surface velocity. The theoretical mo
of the propagation of the nonlinear SAW’s in isotropic soli
based on the evolution equation9 allowed us to evaluate the
nonlinear acoustic constants. For polycrystalline alumin
the values were«150.760.1, «2521.0260.01, and«3
52.560.5. These values are consistent with those that
calculated from previously measured third-order elas
moduli of aluminum alloys. For fused silica the set of co
stants evaluated was«1520.860.1, «2520.2560.005,
and «3524.060.5. These values agree well with the co
stants we calculated from the third-order elastic moduli
synthetic fused silica, but differ significantly from thos
found for fused quartz~Herasil!. These findings demonstrat
the potential of the method for materials characterizat
with laser-generated high-amplitude SAW pulses and the
termination of the nonlinear acoustic constants.

ACKNOWLEDGMENTS

We thank S. Zherebtsov for assistance in the construc
of the setup. Support from NSF~Grants No. 9870143 and
No. 9970241! is gratefully acknowledged.
m.
1A. P. Mayer, Phys. Rep.256, 237 ~1995!.
2A. V. Nikolaev, Phys. Earth Planet. Inter.50, 1 ~1988!.
3Al. A. Kolomenskii, V. G. Mikhalevich, A. A. Maznev, and H. A

Schuessler, J. Appl. Phys.84, 2404~1998!.
4Al. A. Kolomenskii, A. M. Lomonosov, R. Kuschnereit, P. Hes

and V. E. Gusev, Phys. Rev. Lett.79, 1325~1997!.
5E. G. Lean, C. C. Tseng, and C. G. Powell, Appl. Phys. Lett.16,

32 ~1970!.
6A. J. Slobodnik, Jr., J. Acoust. Soc. Am.48, 203 ~1970!.
7A. Lomonosov, V. G. Mikhalevich, P. Hess, E. Yu. Knight, M. F

Hamilton, and E. A. Zabolotskaya, J. Acoust. Soc. Am.105,
2093 ~1999!.

8E. A. Zabolotskaya, J. Acoust. Soc. Am.91, 2569~1992!.
9V. E. Gusev, W. Lauriks, and J. Thoen, Phys. Rev. B55, 9344
~1997!.

10Al. A. Kolomenskii and A. A. Maznev, Akust. Zh.36, 463~1990!
@Sov. Phys. Acoust.36, 258 ~1990!#.

11V. E. Gusev, W. Lauriks, and J. Thoen, J. Acoust. Soc. Am.103,
3203 ~1998!.

12R. T. Smith, R. Stern, and R. W. B. Stephens, J. Acoust. Soc. A
40, 1002~1966!.

13W. T. Yost and M. A. Breazeale, J. Appl. Phys.44, 1909~1973!.
14E. H. Bogardus, J. Appl. Phys.36, 2504~1965!.
15Melles Griot,Catalog ~Melles Griot Inc., Irvine, 1995/96!, pp. 4

and 5;The Properties of Optical Glass, edited by H. Bach and
N. Neuroth~Springer, New York, 1995!.
3-6


