
the displacement field amplitude in the wave zone "far" (at
an infinite distance) from the surface of the metal.

We shall give here the expressions for the conversion
coefficient for one of the "favorable" cases3 (the case of
specular reflection and />/0 = S0(vf A) I l 2 ,r&>zz (S/VF ) (//
/o)«D

3 mZ VfVmax ** ~ r̂ i\7—r;

where Z is the "valency" of a crystal cell, M is its mass (cal-
culations were performed using the free electron model).

The analysis of the temperature dependence y = y( T)
has shown that it correctly (at any rate qualitatively) de-
scribes the experiment.

4. The transition to super-clean samples makes the con-
sideration of the high-frequency case «yr> 1, when the at-
tenuation length of the sound D~vf/a> is smaller than /,
quite relevant. The asymptotic behavior of an acoustic field
under these conditions is determined by the quasi waves (the
"drawn-in" waves), formed by ballistic electrons with
vz = u"tr. Nonexponential attenuation of these waves4 de-
pends on the local geometry of the Fermi surface.

5. An analysis of the interaction of electrons with boun-
daries of crystallites5 shows that along the boundaries there
must exist an internal "surface" force Fsur{ ~jpF/e, which
can be important in estimating the conversion ability of a
poly crystalline metal.

6. The conversion of electromagnetic energy into acous-
tic energy must be taken into consideration in calculating the
acoustic Cherenkov radiation from charged particles mov-
ing through a metal.6

7. Nonlinear electromagnetic excitation of ultrasound
in metals7 under the conditions of normal skin-effect is the

result of the inductive force F\ ~H2/8, and under the con-
ditions of anomalous skin-effect is the result of the deforma-
tion force (F?~(l/S)2H2/S). The observation of nonlin-
ear together with linear excitation would allow one to
determine, in one experiment, the diagonal and nondiagonal
tensor components of the deformation potential Aik.

1' In the free electron model the transfer of the momentum is the only
cause of the existence of the "deformation" force.
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A. N. Vasil'ev and Yu. P. Gaidukov. Contactless excita-
tion of sound in metals (experiment). The studies on electro-
magnetic excitation of sound are using both the traditional
acoustic methods, and the approaches developed for the
study of high-frequency properties of solids.

The pulsed method which is most commonly used now
is based on the principles of radar techniques. A high-power
probing RF pulse is applied to an inductive coil located near
the surface of a metal (the amplitude of the variable magnet-
ic field H is 10~3-10~' Tesla). In the regime of the normal
skin-effect the linear generation of sound can be observed
only in the presence of a constant magnetic field H0 (this
quantity lies usually in the range ICP'-IO Tesla). Conver-
sion of waves in this case is caused by the inductive interac-
tion of the variable current in the skin-layer with the field
HQ. Depending on the orientation of H0 relative to H and the
metal surface, the inductive mechanism excites the longitu-
dinal (H0||Hlnn is the normal to the metal boundary) or
transverse (H0||nlH) sound polarized along H.

In pure metals at low temperatures there exists also, in
addition to the inductive mechanism, the deformation mech-

anism1 of sound excitation. Its principle is based on the fact
that under the conditions of anomalous skin-effect, the di-
rect effect of the variable electric field E on the ions of the
lattice is not compensated by the interaction of ions with
electrons. The largest portion of electrons carries the ac-
quired additional momentum outside the skin-layer. The de-
formation mechanism excites the transverse sound polarized
along E.

The contactless methods are used not only for genera-
tion of the volume sound, but also for the excitation of sur-
face waves. The coils used for this purpose have as a rule the
meander or grid shape. Inductive transducers are placed
usually at the smallest possible distance from the metal sur-
face. Some types of coils and the fields of elastic displace-
ments caused by them are shown in Fig. 1.

The registration of excited sound is accomplished by
inverse conversion of an elastic wave into an electromagnetic
wave, and peformed either by the second coil in the "trans-
mittance" experiments, or by the same coil in the pulsed-
echo experiments.

The efficiency of described generation mechanisms de-

889 Sov. Phys. Usp. 29 (9), September 1986 Meetings and Conferences 889



Spiral Meandre

Magnet

Coil

Induced current

Field of elastic
displacement

FIG. 1.

creases with an increase of frequency. The dominant mecha-
nism in the microwave frequency range becomes the "sur-
face" mechanism3, caused by the diffuse scattering of
electrons by the boundary of a metal. The change of domin-
ating conversion mechanisms is accompanied by a change in
experimental techniques. Inductive transducers work effi-
ciently only up to 108-109 Hz, at higher frequencies micro-
wave resonators have to be used.4 The studied metal is sput-
tered onto one of the edges of an acoustical delay line, which
is pressed down on to an opening in the bottom of a micro-
wave resonator. After an excitation pulse one can observe
several echo-pulses with the delay times corresponding to
the passage of the transverse sound to the second edge of the
delay line and back.

Experimental studies of high-frequency properties of
metals (the surface impedance, weakly attenuating waves,
etc.) are often performed on thin flat-parallel high frequency
plates. This form of crystals ideally suits both the study of
the conversion phenomenon itself (the plate in this case is
treated as an acoustic resonator of the Fabry-Perot type),
and the application of contactless excitation for the study of
elastic properties of materials. In semiconductors and insu-
lators sound can be excited by sputtering on their surfaces a
thin metallic film, which serves as the converter.5

The schematic diagram of the experiment which is per-
formed in the regime of continuous vibrations is shown in
Fig. 2. The output signal from the high-frequency generator

FIG. 2

1 is applied to a fixed coil surrounding the sample 2. A signal
from the receiving coil is applied to the wide-band amplifier
3 and after that to the phase detector 4. The use of phase
detection is justified by the high noise immunity of this cir-
cuit. The recording device 5 registers in this experiment the
special resonant features of the surface impedance, originat-
ing during the formation of standing sound waves in the bulk
of the plate. The frequencies and amplitudes of acoustic re-
sonances carry the information about the effectiveness of
contactless excitation of sound, as well as about the attenu-
ation rate of sound in the metal.

Since the transmitting characteristics of a plate togeth-
er with the surrounding coils in the field H0 have a sharply
expressed resonant character, this makes it possible6 to rea-
lize the "acoustic autogenerator, working at resonant fre-
quencies. In the absence of H0, a coupling coefficient
between the coils is selected to be below the selfexcitation
threshold of the generator. When a constant field is applied,
the coupling between the coils caused by conversion of elec-
tromagnetic and acoustic waves in a metal increases, and
this leads to generation at the frequency of an acoustic reso-
nance in the plate. The autogeneration scheme is particular-
ly convenient for registration of small variations of the veloc-
ity and attenuation of sound during, for example, recording
of quantum oscillations of these quantities.7'8

One of the advantages of electromagnetic excitation of
sound is, first of all, the absence of a contact with the studied
material. Besides, this method allows one to excite new types
of acoustical vibrations9 and, in some cases, to carry out
measurements that cannot be made by other methods.I0 A
disadvantage of the contactless excitation method is its low
efficiency. It is possible, however, to overcome this difficulty
with modern instrumentation, and this is confirmed by the
constantly increasing use of this effect in research laborato-
ries and practical applications."
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890 Sov. Phys. Usp. 29 (9), September 1986 Meetings and Conferences 890



3M. I. Kaganov and V. B. Fiks, Fiz. Met. Metalloved. 19, 489 (1965)
[Phys. Met. Metallogr. (USSR) 19, 81 (1965)].

4B. Abeles, Phys. Rev. Lett. 19, 1181 (1967).
5A. N. Vasil'ev, Yu. P. Gaidukov, and V. N. Nikiforov, Pis'ma Zh. Eksp.
Teor. Fiz. 41, 466 (1985) [JETP Lett. 41, 568 (1985) ].

6A. N. Vasil'ev, Yu. P. Gaidukov, and A. P. Perov, Prib. Tekh. Eksp. 6,
176 (1980) [Instrum. Exp. Tech. (USSR) 23, 1511 (1980)].

7 A. N. Vasil'ev and A. A. Nurmagabetov, Fiz. Nisk. Temp. 9,714 (1983)
[Sov. 3. Low Temp. Phys. 9, 362 (1983) ].

8A. N. Vasil'ev and Yu. P. Gaifkukov, Zh. Eksp. Teor. Fiz. 81, 2234

(1981) [Sov. Phys. JETP 54, 1186(1981)].
9R. B. Thompson and C. F. Vasile, Appl. Phys. Lett. 34, 128 (1979).
IOA. N. Vasil'ev, Yu. P. Gaidukov, E. A. Popova, and V. Yu. Fedotov,

Pis'ma Zh. Eksp. Teor. Fiz. 42, 197 (1985) [JETP Lett. 42, 245
(1985)].

"a. R. B. King and C. M. Fortunko, Ultrasonics Symposium Proc. IEEE,
1982, p. 885; b. D. Husson, S. D. Bennett, and G. S. Kino, ibid. p. 889; c.
S. K. Datta, A. H. Shah, and C. N. Fortunko, J. Appl. Phys. 53, 2895
(1982); d. C. M. Fortunko, R. B. King, and M. Tan, ibid., p. 3450.

V. A. Komarov. Electromagnetic-acoustic conversion—
a method of nondestructive testing. Ultrasound research
methods are widely used in various branches of solid state
physics.' In a number of cases, however (thin films, high and
low temperatures, vacuum, samples with rough surfaces or
with surfaces having complicated profiles, etc), their appli-
cation is limited or extremely complicated because they re-
quire the formation of a reliable contact between the con-
verter (usually, in the form of a piezoelectric element) and
the sample.

Because of this, many other alternative methods of con-
tactless excitation of sound in solid media are developed us-
ing, for example, a flux of charged particles, lasers, etc.

The so-called electromagnetic-acoustic (EMA) meth-
od, based on the phenomenon of mutual conversion of elastic
and electromagnetic fields has undergone the greatest devel-
opment.2 As a result of the EMA conversion, it is possible
not only to achieve a contactless excitation of sound in solid
bodies3, but also to obtain, without making any contacts,
information about the sound velocity, amplitude, and at-
tenuation with the help of an electromagnetic field caused by
sound. This electromagnetic field and the radiation of a pri-
mary field are measured by an ordinary induction coil, the
shape of which can be easily changed to fit the special fea-
tures of the sample geometry.

Conversion of fields in solids can be performed using
many physical phenomena which are responsible, for exam-
ple, for magnetostriction, the Lorentz force, and the force
caused by the gradient of a magnetic field.

Researchers in the area of methods of nondestructive
testing have devoted a lot of attention to the EMA conver-
sion phenomenon exactly because of the possibility of con-
tactless excitation of sound.2 Many of the devices developed
by them were made only in a few isolated instances because
of technological difficulties, but, still, with their help it be-
came possible to demonstrate the significant potential use-
fulness of this phenomenon for technical applications: for
the excitation of Lamb and Rayleigh waves, the measure-
ment of crystallographic anisotropy and determination of
elastic modulus, the measurement of internal friction, intro-
duction of vibrations at an angle, and their focusing. For
example, in the USA4 the method has been used in the fol-
lowing areas: high-speed quality control of manufactured
items (gas pipe-lines and railroads), hardness control of ar-
tillery shell warheads, detection of corrosion defects in
pipes, breakdown of structural continuity in the areas of air-
plane wings difficult acces, testing of welding seams of alu-

minum pipes and pipelines, monitoring of contraction cav-
ities in hot metal blanks, determination of the bending and
the tension caused by it in pipelines, measurement of metal
sheet thickness.

All the described applications of ultrasound methods
using the EMA method exist primarily because of the ab-
sence of a contact; however, there is also a fundamentally
new direction in the use of the phenomenon of mutual con-
version of fields, related to the mechanisms of conversion.

During the rolling of hot metals, it is necessary to con-
trol the thickness of a metal in order to introduce timely
corrective measures into the operation of a rolling mill. The
metallurgical plant in Chelyabinsk is using an installation
for thickness measurement of pipe walls during their manu-
facture. To a metal heated above the Curie point a converter
is applied in the form of a coil, and an appropriate field is
applied to the monitored area. The metal under the convert-
er is cooled by an air flow. The temperature of the metal is
reduced below the Curie point. At the moment of an order-
disorder phase transition, intense longitudinal vibrations are
excited in the metal (caused by volume magnetostriction5),
the electric field of which is registered by the same converter.
As in the usual thickness meter, the measured quantity is the
time interval during which the sound pulse passes through
the double thickness of the metal.

Analogous systems are used at metallurgical plants in
Britain and Japan.

Other applications of the EMA conversion are also re-
lated to the manifestation of a magnetostriction mechanism
accompanying the conversion of fields in ferromagnetic met-
als. In that case the excitation of elastic waves is caused by all
the forces mentioned above, but their dependence on the po-
larizing field is determined by different phenomenological
characteristics. The volume Lorentz force depends on in-
duction, the surface force caused by the jump of magnetiza-
tion at the boundary separating two media depends on the
magnetic field and magnetostriction force, or on the differ-
ential magnetostriction, when the constant polarizing field
and the high-frequency (HF) field of the converter are par-
allel, or on the ratio of the magnitude of magnetostriction to
the amplitude of the polarizing field, if the HF field is per-
pendicular to it. The elastic vibrations determined by these
forces depend on the polarizing fields in a complicated way.
A detailed study of the EMA conversion6 has shown that
during the polarization of a ferromagnetic material by the
tangential field (along the interface of two media), which is
parallel to the vector of the HF field, it becomes possible to
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