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We demonstrate by theoretical means that inhomogeneous electromagnetic-to-acoustic conversion
in isotropic ferromagnetic metals in a constant tangential magnetic field can lead to

effective generation of transverse ultrasound in addition to longitudinal. We establish the
conditions in which only transverse elastic waves are generated in such geometry. Finally, we
show that inhomogeneous electromagnetic-to-acoustic conversion can lead to resonant
amplification of the excited elastic vibrations. © 1996 American Institute of Physics. [S1063-

7761(96)02303-6]

It is known that homogeneous electromagnetic-to-
acoustic conversion in a constant tangential magnetic field in
isotropic and polycrystalline ferromagnets can lead to intense
excitation of only longitudinal elastic vibrations.'* Gener-
ally, in real experiments the electromagnetic field is
inhomogeneous.* According to Ref. 4, such a field can be
represented by a continuous sum of plane waves (spatial har-
monics) propagating along an axis with an infinite spectrum
of wave numbers g and a set of amplitudes h,. Here the
projection of the wave vector q on the axis of wave propa-
gation can take on arbitrary values in the interval from 0 to
q- In this case transverse vibrations are excited in the me-
dium in addition to longitudinal elastic vibrations.

In this paper we show that under certain conditions
transverse ultrasound can be intensively excited in isotropic
ferromagnets placed in a tangential magnetic field by inho-
mogeneous electromagnetic-to-acoustic conversion. Longitu-
dinal ultrasound may be entirely absent in this case.

We study a semi-infinite isotropic ferromagnetic metal
occupying the half-space z<0. The ferromagnet’s surface
coincides with the xy plane. The magnetic field lies in the
zy plane: H=(0, H, ,—H,).

To solve the problem we employed a system of Max-
well, Landau—Lifshitz, and elasticity equations in an ap-
proximation in which the coupling between the electromag-
netic, spin, and elastic vibrations is small:

E=HYpct<l, (=b*MlxYpct<l, (1)
where £ and { are, respectively, the dimensionless param-
eters of electromagnetic-acoustic and magnetoelastic cou-
pling, p is the metal’s density, c is the speed of sound, b is
the magnetoelastic constant, and M and y are the ferromag-
net’s saturation magnetization and susceptibility. The second
equation excludes the range of magnetic fields and frequen-
cies close to various resonant values,2 where the dynamic
susceptibility y may be high. Another approximation is that
we ignore spatial and temporal dispersion in the ferromag-
net’s susceptibility. In this case the Landau-Lifshitz equa-
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tions establish a simple relationship between the ferromag-
net’s magnetization and the magnetic field strength:>*

M;=xuHy, (2

where only the diagonal components of the tensor x are non-
zero. This relationship is valid in the following range of
magnetic field strengths:

Hy>aMy(o/c)?, wlg, 3)

where «a is the inhomogeneous exchange constant, w is the
frequency of the electromagnetic wave, and g is the gyro-
magnetic ratio.

Within these approximations we can ignore the electro-
magnetic field that emerges as a result of excitation of elastic
vibrations in comparison to the source field. The problem of
ultrasound excitation in a ferromagnet breaks down into two
problems: first the Maxwell equations are used to solve the
electrodynamic problem of determining the electromagnetic
field strength in the metal from the known external field, and
then the elasticity equations are used with the established
values of the field to find the amplitudes of the generated
elastic waves. Both problems are solved with standard
boundary conditions at the surface z=0 of the ferromagnet
for the electromagnetic field and the stress tensor.>*

For an inhomogeneous electromagnetic field in the cho-
sen geometry, the solution of the first problem yields*

1 [+ .
e,h(z,y)= ﬁf_m e;.h,(z,9)e'Vdy, 4

where e,(z,q) and h,(z,q) are the Fourier transforms of the
electromagnetic field in the metal,

hgy=2ho exp(—i¥%z)/(1— 1),
hg.= (:U'yq/:uzil/zk)hq)’/( 1-n), ©)
eqx=— (VK Amai"*k)h g,/ (1= 1),

with hg, the amplitude of the variable magnetic field
along the y axis outside the metal at the metal’s surface,4

© 1996 American Institute of Physics 532



o the mete;l’s gc;;’ndl;ctiviztyl,/2 K=ki—iq*u, /.,
ky=4mp,wolv®, n=i"(k"—q°)"“u,/k, p, and u, the
components of the ferromagnet’s permeability tensor, and
v the speed of light in vacuum.

If we allow for (5), we can write the elasticity equations,
which determine the components of the displacement vector
u, as follows:

d*u 2

d“u
pAx 2 2 Y,z 2 2 —
dzz +(q01%901) _dz_T +‘101¢10,uy,z—Fy,z(Z), (6)

where qo,,=(q;,—q%)"*=gq, cosy,, are the projections of
the wave vectors of the shear (¢,=w/c,) and longitudinal
(9;=w/c;) waves on the z axis, F,, are functions propor-
tional to the projections of coordinate axes of the total bulk
force, which allows for the induction and magnetoelastic
mechanisms (the corresponding expressions are given be-
low).

Equation (6) is solved by variation of constants. After
using this method we employ the boundary conditions im-
posed on the stress tensor at z=0 to find the amplitudes of
the excited ultrasonic vibrations. As a result, for the compo-
nents of the displacement vector that propagate in the metal
we have

Uy :=Uyu exp(—iqmz)"'uy,zl exp(—iqo:z), )
where
uy=q[sX(q8,—q*)(F1,+F1,)+2qq0(F o+ Fa,)1/sA,

uy=q01[(q8,—q)(Fas+F,)—2qq0,s*(F\+F,)1/s%A,
(8)

uyt=q01uzl/q s Uy = qu./qo;,
A=44%q0q0% (95, 9% s=clc.

Here by F;; and F;, we denote the dimensionless total sur-
face and bulk forces, respectively:

boky(1+s?)

hOy q
_ — 12 Z
F1s+FlU———fpc [ i MO),k

!

K iB
+b1(2Ky*Kz+ By Z)}"‘_% il/ZZ

M, 4 k
(1-2s%)B,, )
x[T+(1+s WMo, |, ©)
ihoy[s*Ho, a2 9 2 B,
Fz:“”zr‘“;;j; s\ myMo— 20 |
(10)

where b, and b, are, respectively, the bulk and relativistic
magnetostriction constants, B=H,+ 47M, is the magnetic
field induction in the ferromagnet, and % is the magnetic
susceptibility tensor. Equations (9) and (10) are written to
frst power of the ratio q/ ky, which is assumed small. Indeed,
for bulk waves the wave number g is bounded from above:
0<g¢<gq,, and the ratio q,/k,, as demonstrated in Ref. 4, is
much smaller than unity in most ferromagnetic metals at the
frequencies usually used in experiments and practical appli-
cations (w<10%s71).
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FIG. 1. The absolute value of the relative amplitude of elastic displacements
excited by the magnetoelastic mechanism in a constant tangential magnetic
field, as a function of the acceptance angle of vibrations: curve
I—longitudinal waves; curve 2—transverse waves.

Equations (8)—(10) imply that when the variable electro-
magnetic field is inhomogeneous, usually both longitudinal
and transverse ultrasonic vibrations are excited in a ferro-
magnetic metal.

Comparison of u,, with u,; shows that for small values
of g the efficiency of excitation by the magnetoelastic
mechanism (the terms proportional to by and b, in Egs. (9)
and (10)) of transverse ultrasound exceeds the efficiency of
excitation of longitudinal ultrasound, since u,, < g and u,
« g2. In the first approximation in the small parameter q/k,
the magnetoelastic mechanism of ultrasound excitation is at-
tributable solely to the tangential component M, of magne-
tization.

With the induction mechanism and a constant tangential
magnetic field (Ho=H,,) only longitudinal waves are effi-
ciently excited, while in a normal magnetic field
(Hy=H,,) the excited waves are transverse. The other vi-
brations are weakened by a factor of k/q.

At g=q, (7,=90°) a longitudinal wave propagates
along the metal’s boundary. In the wave-number range
4,<g<gq, longitudinal vibrations are damped, since g, is
complex-valued within this range. As g, grows, the damp-
ing of the longitudinal waves increases. However, the trans-
verse waves in this range remain undamped. Thus, if the
vibrational spectrum of the electromagnetic field contains
mainly harmonics with wave numbers from the range
9,<9<q,, only transverse elastic vibrations are excited.
This is true for both the magnetoelastic excitation mecha-
nism and the induction mechanism.

Let us illustrate these points by numerical calculations,
say for s=0.5. The results are depicted in Figs. 1 and 2,
which show the dependence of the relative values of the
amplitudes of the elastic waves, u; *| u,/cosy| and u,
«| u,,/cosy,, excited by the magnetoelastic (Fig. 1) and in-
duction (Fig. 2) mechanisms on the acceptance angle of vi-
brations.

Figures 1 and 2 show that for the magnetoelastic mecha-

Buchel'nikov et al. 533



u, rel. units
104
]
83
6
43
2
2
I
0 0.2 0.4 0.6 0.8

sin YA !

FIG. 2. The absolute value of the relative amplitude of elastic displacements
excited by the induction mechanism in a constant tangential magnetic field,
as a function of the acceptance angle of vibrations: curve /—Ilongitudinal
waves at Hylly, and curve 2—transverse waves at Hy||z.

nism and small angles vy,, the amplitude of the transverse
sound exceeds that of the longitudinal, as noted earlier. For
both mechanisms at y;=~90° the amplitudes of both longitu-
dinal and transverse sound resonantly grow. Since for
;= 90° longitudinal vibrations are damped, only transverse
ultrasound is intensively excited in this case. We note also
that for both mechanisms there are angles at which no vibra-
tions are excited. For the induction mechanism and small
v, , the amplitude of elastic vibrations is essentially indepen-
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dent of 7y, (or of g). This is the main difference between the
induction mechanism and the magnetoelastic, in which u,
and u, are proportional to g2 and ¢, respectively.

Thus, our analysis shows that in contrast to the homoge-
neous case, in inhomogeneous electromagnetic-to-acoustic
conversion in a constant tangential magnetic field, transverse
elastic vibrations can be intensively excited in addition to
longitudinal. The dominant mechanism here is the magneto-
elastic. Transverse vibrations are dominant, first, when the
electromagnetic spectrum contains mostly vibrations with
small wave numbers and, second, when the wave numbers
lie within the range q;<g<gq,, where the longitudinal waves
decay. The strongest (in a resonant manner) transverse vibra-
tions are excited at acceptance angles y,=90° (¢=q;). In
the g=gq, range there is also a longitudinal vibration reso-
nance. There are likewise angles at which no vibrations are
excited.
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