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Laser techniques enabled generation of very high amplitude pulses with acoustic Mach numbers
about 0.01. Such waves drive the medium into the nonlinear elastic regime and shock fronts can be
formed during their propagation. As an intense surface acoustic W&&&/) propagates, the
temporal evolution of the wave shape provides information on the nonlinear acoustic parameters and
the nonlinear elastic constants of the material. The nonlinear propagation of SAW pulses exhibits
different types of nonlinear behavior depending on nonlinear acoustic constants. Changes of a SAW
pulse shape were calculated using a nonlinear evolution equation. Measurements of SAW pulses in
polycrystalline stainless steel have demonstrated that a compression of the pulse takes place in this
material corresponding to a positive parameter of the local nonlinearity, which was evaluated by
fitting the parameters of the evolution equation to the experimental data. Numerical simulations of
a dispersive propagation of nonlinear SAWSs in a system comprised of a substrate with a film were
performed. A formation of a relatively stable portion of the waveform was found in agreement with
recent observations of soliton-like SAW pulses. 2003 American Institute of Physics.

[DOI: 10.1063/1.1517188

I. INTRODUCTION with elastic and mechanical properties different from those
of the substrate gives rise to a dispersibri® It was

Surface acoustic waveg$AWSs) of high amplitude on a  found'®~2?!that high-amplitude SAW pulses in such a layered

free surface of a soli(Rayleigh wavespossess several char- system can exhibit a soliton-like behavior.

acteristic properties that are different from the bulk waves In this article the methods for studying nonlinear SAWs

and attract special attention in view of practical applicationsas well as experimental and numerical simulation results on

in sensing and acoustoelectroriésind, on the global scale, the nonlinear SAW pulses are presented.

due to their relation to seismic wavéghe particle move-

ment in these waves has a longitudinal as well as transversgl coNDITIONS NECESSARY FOR THE OBSERVATION

components. The energy of the waves is localized in th@©F THE NONLINEAR SAWS

surface layer with thickness of about one wavelength and do . . o .

not exhibit a dispersion in a homogeneous material, so that There is an ObVIOUS'dIStII’?CtIOH between the .nolnllnear

different harmonics can efficiently interact during the wavePocess _Of SAW gen_eratlon W'th. pulse_d Ias_er radiation and

propagation. the elastic nonlinearity that manlfests_ itself in the propaga-
Increase of the amplitude leads to a manifestation oF'On of_aSAW_puIs_e and is accompa_nled by_an acr_:umulatl_on
. . . S of nonlinear distortions, the latter being of primary interest in

nonlinear elastic properties of the material in the form of

. . . . . ., our consideration. Simple estimates indicate the range of
nonlinear distortions of the waveform, in particular enrich-

ment of the hiah frequency domain occurs due to eneratioﬁtresses that should be reached for the observation of nonlin-
9 d y 9 ear effects in propagating SAWSs. The magnitude of SAWSs is

of higher harmonics. These processes were initially iently d ibed b di ionl . h
observe®#® and theoretically interpretéd for periodic conveniently described by a dimensionless acoustic Mac
numberM =v/cg, wherev is the amplitude of the surface

waves. Recently, laser techniques for generation of nonline : : . . :
' o3 . elocity andcg is the propagation velocity of the Rayleigh
SAW pulses were developed resulting in the observation (;Y Y R propag y yielg

. . urface wave. Let us assume that the propagation length
strong nonlinear effects, such as the formation of shoclf propag g

f d drast h ¢ th | h FZVhiCh is limited by the size of the sample, attenuation
ronts a8r_110 rastic - changes 012 the pulse shape an ngth, or diffractional divergence of the wavis of the
duration®~° It was demonstratéd'? that a nonlinear com-

same order as the nonlinear lengths b/eM, and equals 1

plress%n as \év_ell as a?\ extenl_smn of a SAW pulse may takgm’ whereb is the acoustic wavelength ards the nonlinear
place depending on the nonlinear acoustic parameters. FQp. qtic parameter. Then for typical values for the laser ex-
theoretical description of these phenomena a nonlinear evesiation b= 100 um (laser pulse duration is about= 20 n9

lution equatiot® was used. The theoretical studies were alsoand8~1 one obtaind1 ~0.01 and the necessary stress in the
e>§tended to anisotromif: materials anp! generaliz_ati(?ns fofaterial in the generation regionds= pcg?M/K~1 GPa(p

this case were also derivéti’® A deposition of a thin film ¢ 4.0 density of the material that is assumed to be 2 §cm
and the coefficieniK describing the effectiveness of the SAW
dElectronic mail: a-kolomenski@physics.tamu.edu pulse generation by a stress normal to the surface can be
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The propagation velocity of high-amplitude acoustic
waves depends on the particle velocity of the medium par-
ticipating in the wave motion. This dependence leads to a
nonlinear distortion of the wave profile. SAWs have two
components: one corresponds to a shear wave with polariza-
tion normal to the surface and to the propagation direction
(normal component the other component corresponds to a
longitudinal wave and displacements in it are parallel to the
unperturbed surfacén-plane componeint These two com-
ponents of a SAW pulse are connected through boundary
conditions and related nonlocally by a Hilbert transform op-
erator. The nonlinearity of the medium causes changes in the
0 40 80 120 waveform of one component which also depend on the non-
linear interaction with the other component. As a result, for
the description of the SAW nonlinearity, besides the usual
local nonlinear term encountered in Burgers equation for
bulk waves, also nonlocal terms should be taken into ac-
count. In order to describe the nonlinear propagation of a
SAW in an isotropic solid, three nonlinear acoustic constants
must be introduced: one constant of the local nonlinearity
and two constants of the nonlocal nonlinearity. The explicit
expressions for these constdntsontain elastic moduli of
the second and third orders.

Taking into account attenuation and possible dispersion
the evolution equation for the in-plane component of the
surface velocity in the case of SAWs with a straight front
can be presented in the spectral f&tm
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FIG. 1. SAW pulses registered at distanggs-5.2 mm (open circley and
X,=16.2 mm(crossesfrom the excitation region; the calculated waveform
is shown as a solid line: normal surface velocigy and the calculated +e5
waveform of the in-plane surface velocity.

w—o'
1—Sgr'(a)')sgr(w—w’)+283( > )

X[l—sgr(w)sgr(w—w’)]]

assumed to be about (?4Thermoelastic or direct ablation

mechanisms usually cannot provide necessary high stresses; — ag( @) 20 (X,0) — i 0D (w)v (X, »), (1

the first is limited by a relatively small thermal expansion _

coefficient and the second is limited due to the screeningvherev(x,)=[drv(x,7)exp{wr) is the Fourier transform

effect produced by the laser plasiiaddowever, in the inter-  0f the pulse profilea(w) is the attenuation, anB (w) de-

action of laser pulses with strongly absorbing liqafdswas ~ scribes the dispersion. Equatiéh) was solved numerically.

possible to reach these high stresses, and indeed a significant

increase of the SAW pulse amplitude was observed when

layer of strongly absorbing liquid was imposed on the sur-R/' RESULTS AND DISCUSSION

face in the region of the interactiGn. Strong nonlinear effects in SAW pulses with laser gen-

eration were observed in several materials: fused dliartd

fused silicat? silicon®° polycrystalline metalgaluminum

and copper!3. A pulse stretching and formation of two
The correct theoretical description of nonlinear SAWssharp peaks in the vertical surface velocity and two corre-

has been a long standing problem. Two comprehensive agponding shock fronts for the in-plane surface velocity were

proaches were developed recently for the description of nombserved for fused silica that has a negative value of the

linear SAW pulses: one model uses the Hamiltonianparameter of the local nonlinearity {~—1). In materials

formalism/** and the other approach is based on the evoluwith negatives ;, positive and negative peaks of the in-plane

tion equatiof®>*°describing changes of the surface velocitiesvelocity waveform of a high-amplitude SAW pulse move

in SAWs with propagation distance. The latter approachaway from each other and, consequently, two shock fronts,

gives a consistent description of nonlinear SAWs withoutone in the head and another in the tail of the SAW pulse can

anya priori assumptions on the decay of the velocity into thebe formed in this case.

depth of the solid and permits a rather simple interpretation A qualitatively different nonlinear behavior was ob-

of the results using three nonlinear acoustic constants. served in polycrystalline aluminum and copper. In these ma-

IIl. THEORETICAL MODEL
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FIG. 2. Changes of the SAW pulse experiencing dispersion and nonlinearity calculated for increasing half peak-to-peak afaplilndiested in the
figureg at x=40 mm. The formed soliton-like portion of the pulse is indicated by a dashed box.

terials the parameter of the local nonlinearity is positivee3=—(3.0+1.5). The values calculated from the data on
(£,~1.0 in polycrystalline copper ang,~0.88 in polycrys- the third order elastic moddéfi were found to bes;=5.2,
talline aluminunt!) and a compression of the central part of £,= —0.04, ands ;= 3.67. The deviation of the experimental
the pulse takes place. It was concluded that the observeahd theoretical values can be connected to individual varia-
compression or extension of the SAW pulse mostly dependgons of the material composition and a larger discrepancy
on the sign of the nonlinear acoustic constant determinindor 5 can be due to the fact that the pulse shape is relatively
the action of the local nonlinearity. less sensitive to the variations of this parameter. It should be
Here we report measurements performed for polycrystalnoted that in numerical simulation for periodic SAWSs in
line (austenitig stainless steéf The pulses observed at two steel a formation of a narrow negative peak in the normal
distancesx; =3.6 mm and,=15.3 mm are shown in Fig. 1. surface velocity was also obtained.
In this case also a compression of the SAW pulse was ob- We also performed simulations of the propagation of
served. It should be noted that in polycrystalline metals athigh-amplitude SAW pulses in a system consisting of a non-
tenuation is rather strong in the MHz frequency range. Thidinear substratswe assumede;=—1, ¢,=—0.5, £53=0,
attenuation was determined by comparing spectral amplieg=3400 m/$ with a thin film, so that the dispersion is
tudes of low amplitude SAW pulses at two propagation disdinear D(w)=Dow, Do=1.1x10’" ms 'Hz !, and
tances. The second order moduli were evaluated by measui{ ) = ao(27) 2w?=ayf? (we assumed a,=0.04
ing the propagation velocities of bulk waves from the signalsm™* MHz?) is “classical” attenuation with quadratic fre-
of precursoré’ The solid curve in Fig. 1 represents the bestquency dependence.
fit calculated withe;=4.4, e,=—1.4, andez=—2.5. The In Fig. 2, SAW pulses with different initial amplitudes
fitting procedure of the theoretical model of Ed) to ex-  are shown after propagating a distancé\eaf=40 mm in the
perimentally measured pulsdéthe constantD=0 in this case of an anomalous dispersiddy>0). At higher ampli-
cas¢ was performed for five measured pairs of pulses andudes a relatively stable soliton-like pulse is formed in the
the average values of the nonlinear acoustic constantsil of the waveform. The increase of the wave amplitude
were evaluated ag,=6.0=1.7, e,=—(0.15-2.5), and creates a possibility that the dispersion and nonlinearity bal-
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FIG. 3. Changes in the shape of the SAW pulse with the initial half peak-to-peak amplitude of 32 m/s at different propagation distances. The formed
soliton-like portion of the pulse is indicated by a dashed box.

ance each other in such a manner that the formation of tatively in good agreement with recent observations of
relatively stable portion of the wave can occur. The wave-soliton-like waves in a substrate with a covering thin film.
forms of the pulse at different distances are shown in Fig. 3.
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