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A striking connection has been found between the magnetic properties and the ultrasonic attenuation
properties of a nickel single crystal. The magnetic anisotropy has been detected by measuring the at tenuation
as a function of applied field intensity. Information about the vibrations of Bloch walls and the number of
vibrating walls per unit length has also been obtained. The dependence of the attenuation on magnetic
induction for 5—100 mc shear and longitudinal waves propagated in the L110) direction was the same for 8
parallel to both the L111jand $001j directions. The shear modes induce much greater losses than the longi-
tudinal mode.

Similar measurements on a 3.8 percent Si-Fe crystal showed that the walls in this alloy are not as easily
vibrated, i.e., there is a small di6'erence in attenuation between the magnetized and unmagnetized states.
At these frequencies this indicates that there is a direct connection between the magnetostrictive constants
and the dynamic behavior of Bloch walls.

The elastic constants were computed from velocity measurements, but no hE eGect was observed.
Pulsed ultrasonic techniques as described by Roderick and Truell (see reference 4) were used in taking

the measurements. The single crystals used were grown from the melt in a hydrogen atmosphere and then
oriented so that pure modes of vibration could be propagated.

I. INTRODUCTION
' 'T is well known that internal strain is coupled to

~ - Bloch wall movement in a ferromagnetic material;
however, no law governing the interaction has been
established. This coupling is responsible for the mag-
netomechanical loss which occurs when an elastic wave
traverses a ferromagnetic material.

Recently there has been a great deal of interest in the
magnetomechanical losses' ' as well as the absorption of
ultrasound in the saturated crystal. This last interest is
due to the possibility of using such measurements to
determine ferromagnetic resonance.

It is about the magnetomechanical losses associated
with the transmission of 5—100 mc ultrasound through Ni
and 3.8 percent Si-Fe crystals that this paper is written.

II. EXPERIMENTAL METHODS

l. Ultrasound Equipment and Techniques

The pulsed ultrasound technique for determining
attenuation and velocity in solids requires the produc-
tion of a short pulse of mechanical energy and the
ability to accurately measure the ratio of the amplitudes
of successive echoes and the time-delays between them.
At megacycle frequencies this can be done with radar

type circuits and piezoelectric transducers which con-
vert the electrical energy into mechanical energy and
vice versa. Such equipment has been. built in the Metals
Research Laboratory at Brown University and has been
described elsewhere. 4' The transducers, X and AC—
cut quartz, were cemented to the specimens with salol.

*Supported by the United States Air Force Contract AF
33(038)—156O2.

' J. De Klerk, Nature (London) 168, 963 (1951);
'Bozorth, Mason, and McSkimin, Bell Syst. Tech. J. 30, 970

(1951).' T. F. Rogers and S.J. Johnson, J.Appl. Phys. 21, 1067 (1950).
4 R. L. Roderick and R. Truell, J.Appl. Phys. 23, 267-279 (1952).
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2. Specimen Preparation

The large single crystals of nickel and 3.8 weight per-
cent silicon-iron used were groCn from the melt in a
hydrogen atmosphere and then accurately oriented by
means of x-rays. The stock metals from which they
were grown had the following trade names and percent
purities: Mond nickel pellets, 99.90; Plast-Iron, 99.91;
silicon (Electrometallurgical Corporation), 99.8+.

Surfaces parallel to the (100), (010), and (011)
planes were cut and accurately ground on both Si-Fe
crystals while the nickel crystal was prepared with its
surfaces parallel to the (111), (110), and (001) planes,
as in Fig. 1. These planes were chosen to satisfy the
requirements for propagating longitudinal and shear
elastic waves in the crystal (see Appendix I) and per-
mitted the external magnetic field to be applied in the.

easy, medium, and hard directions of magnetization in
the nickel sample.

Great care was exercised in surface grinding the
crystals so that the strained layer caused by this opera-
tion would be as shallow as possible. The depth of the
layer in the nickel crystal was less than 0.1 mm as was
determined by taking back reQection Laue photographs
after successive acid etches until all strained material
was shown to be removed. The sharply de6ned Laue
spots on the last of the above photographs indicated
that the crystal was well annealed and possessed a high

degree of perfection.
The dimensions of the nickel crystal Ni-I are l~1io;

=1.28 cm, /t001] 1.76 cm, and lt11q=1.67 cm. The
Fe-Si crystals will be referred to as Fe-Si I and Fe-Si II,

~R. Roderick, Ph.D. thesis, "On the measurements of ultra-
sonic attenuation in solids by the pulse technique, " Brown
University (1951).
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FIG. 2. Attenuation vs induction for Ni showing coincident
behavior for 8 parallel to the easy and hard directions of mag-
netizations.

The hE eGect was not observed at any frequency
covered, i.e., no change in velocity with the application
of a magnetic field was detected.

The velocities of propagation of ultrasound in 3.8
percent Si-Fe, and the corresponding elastic param-
eters were found to be

Vitppi =5.30X10' cm/sec,

Vittp] = 6.20X 10' cm/sec,

Vr itpp] =4.01X 10' cm/sec,

Crt ——2.15X10"dynes/cm'

Ctp —1.27X10' dynes/cm'

C44= 1.23X10"dynes/cm'.

In computing the above we used p= 7.65 g/cm'.

2. Dependence of the Attenuation of Ultrasound in
Nickel on the Magnetic Induction.

The attenuation per unit length was computed using
the method of least squares from measurements taken
with the techniques described in Part II. In all cases
only readings taken within the plane wave region were
used. 4 Except for frequencies adjacent to 50 mc the
measurements were highly reproducible if care was

taken in cementing the transducer to the sample. In
fact, measurements taken at the same frequency ob-
tained by using difI'erent harmonics of separate trans-
ducers (e.g., ninth of 5.5 mc and seventh of 7.0 mc)
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Fro. 3. Attentuation ps induction for Ni with V~~L110$. «~~$1TO],
and J3J V at 5.8, 16.5, 21, 27, 30, 52, and 90 mc.

gave attenuation measurements well within experi-
mental error.

The results for the case VII[110], «II[110]are shown
in Figs. 2, 3, 4, and 5. The coincident dependence of the
attenuation coefficient n, in DB/in. , on the induction
for an ultrasonic wave with VII [110],«II [110]when the
induction is in the easy or hard directions of magnetiza-
tion, is shown by Fig. 2, which is representative of these
plots at all frequencies.

A composite graph showing the relation between n
and 8 at 5.8, 16.5, 21, 27, 30, 52, and 90 mc for VI I [110],
«I I[110],and 8J V is given by Fig. 3. The sharp break
at the "knee" and "instep" of the curves was easily
observed when the measurements were made and oc-
curred at 1800 and 3800 gauss for all frequencies.

The variation of the attenuation with frequency is
shown in Fig. 4, where the attenuation coefFicient for
zero and saturation values of induction are plotted.
A "dip" in both curves occurred near 49 mc and was
first throught to be due to the low frequency equip-
ment. This opinion was not substantiated, however,
for later the dip occurred in measurements made with
the high frequency gear and was then attributed to a
"resonance" in the nickel. Later the source of the dip
become even more difFicult to explain when an indica-
tion of this effect was observed at 49 mc for transverse
waves (cf. Fig. 7), whose wavelength differed by nearly
a factor of two. Figure 5 shows the dependence of 0. on
& for eII[110] .II[110],and BII[110]at 15, 19.5, and
34.5 mc. Here the sharpness of the "knee" and "instep"
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breaks is absent, but the value of 0. for zero and satura-
tion induction is in agreement with the values obtained
for BJ V.

The coincident behavior of n vs B for the two possible
cases of BJ V was observed at all frequencies used for
V~~[110]and e~)[001].

A composite plot of n vs 8 for V[)[110], e[)[001],
and BJ V is shown in Fig. 6, while Fig. 7 reveals the
dependence of n (saturation) and n (no field) on fre-
quency for these conditions.

Only one set of measurements was taken with

V~ ~[110],v~~[110], and 8J V. The response of n to the
induction for this case at 10 mc is shown in Fig. 8.
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Fio. 6. Attenuation vs induction for Ni with V~i[110], ell[001],
and BJ V at 9.5, 16.5, 25.5, and 29 mc.

The coincident dependence of a and B for BJ V in
the foregoing results is further exemplified by Fig. 9
where the attenuation coeKcient for a transverse wave
is plotted against the magnetization current. This cur-
rent is essentially proportional to the magnetic 6eld
intensity H. These measurements show the behavior
one would expect from the foregoing results on the de-

pendence of n on B and the B—H curves for the easy
and hard directions of magnetization of nickel.

The attenuation coe%cient of 3.8 percent Si-Fe was
found to be small at all frequencies, less than 1 DB/in.
at 50 mc for longitudinal vibrations in the [110]
direction. The change. in this value as a saturation
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Fxo. 8. Attenuation vs frequency for Ni with V~~L1107,
e~~g1107, and f3 J V at 10 rnc.

magnetic field was applied, and although present, was
not measurable with the present equipment.

Iv. CONCLUSION

The magnetomechanical losses associated with the
propagation of ultrasound through a nonsaturated
ferromagnetic crystal arise from the fact that the spins
of the lattice are affected by the energy in the sonic
wave. While the law governing the behavior of the
spins as the elastic wave traverses them has not been
established, it is plausible to consider the Bloch wall
as being "driven" by the harmonic elastic wave. Two
effects probably occur: (1) a vibration of the center
plane of the wall, and (2) a periodic variation in the
width of the wall. A combination of these two eGects
include domain rotations.

An extension of theoretical calculations by one of the
authors'' has shown that the magnetomechanical losses,
to a Grst-order approximation, are the result of "rigid
wall" vibrations. This work lead to dehning a "coupling
coefficient, " k, which relates the amplitude of the wall
vibration to the energy in the ultrasonic beam. Further-
more, the calculations showed the attenuation due to
magnetomechanical eGects is proportional to the num-
ber of domain walls affected by the ultrasonic wave.

The theory agrees, in principle, with the experimental
results as interpreted from the shape of the attenuation
coeS.cient 0, verses magnetic induction 8 curves, which
exhibit no magnetic anisotropy.

f S. L. Levy, Ph.D. thesis, Brown University, 1982.
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Fre. 9. Anisotropy of attenuation in Ni at 27 mc
with VJJt 1107, eJ[t 0017.

In the approximate ranges 0&8&~8„38&8&38„
and —,'B,&B one has small decrease in 0., large linear
decreases in 0. and constant 0,, respectively, as 8
increases.

The erst of these ranges corresponds to reversible
wall movements and show that k decreases slightly with
increasing induction. For —,'8, &B&-,'8, there are re-
versals of the domains resulting in a loss of the number
of domain walls. The experimental results in this range
indicate a linear decrease in the number of movable
domain walls per unit length with increasing 8.

A proposed explanation for the constant value of n
when B)—,'8, is that walls with some orientations, be-
cause of the anisotropy, may not be aR'ected by the
ultrasonic wave. Hence, after 8=38, all of the walls
which can be vibrated by the wave have been elimi-
nated in the magnetization process. We speak here of
wall motion in the general sense which includes partial
rotation of the domain.

The smoothing out of the curves (Fig. 5) as com-
pared with Fig. 3) showing the response of n vs 8 for
B((U(~v~~[110] may have been caused by the larger air
gap required in the magnetic circuit in order that the
special electrode (Fig. 1) could be inserted. This effect
warrants further investigation.

As expected, greater sensitivity occurred when
transverse waves were used. The anisotropy or the large
difference of attenuation between the twoyolarizations
of transverse waves propagated in the [110jdirection
is interesting. The attenuation was so great in the un-
magnetized state for V~([110j and v~~[1101 that no
echoes were observable at 10 mc. However, by extra-
polating the data taken near the saturation region one
6nds that the attenuation caused by magnetomechani-
cal losses is approximately 30—35 db/in. which agrees
with Bozorth, Mason, and McSkimin's' value of 32
db/in.

The results of the experiments reported here indicate
that k is frequency dependent, large for highly magneto-
strictive materials, and small for those materials which
exhibit little magnetostriction.

I2
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The ease with which the elastic parameters can be where
determined with pulsed ultrasound is apparent from
(11) and (13) of Appendix I. The values obtained for
the elastic parameters of nickel agree with those re-
ported in the literature. "' ~
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APPENDIX I. ON THE PROPAGATION OF
LONGITUDINAL AND TRANSVERSE WAVES

IN AN ANISOTROPIC ELASTIC SOLID

In an anisotropic elastic solid the stress-strain rela-
tions are

&)'~'=c~~ygp) 4, J= 1, 2, 3,

Solving (A6) for the displacement direction, one ob-
tains

(
(di, if2, &8)=(, , [ (Ag)

E]1+clP ]1+c4' )1+cl3')

Here ]1=p22c44 '—1 and c= (c12+2c44—cll)c44 ' is the
anisotropy factor.

In ultrasonic testing one usually uses either longi-

tudinal or transverse waves; hence we shall consider
these modes of vibrations.

Case I. Longitudinal Waves

Equation (Ag) gives

0'&g, &= pQg') J= 1) 2) 3. (A2)

where the c;,~~ are the elastic parameters. In the absence
of body forces the equations of equilibrium read /2

d l'.42 '.d 3=
]1+el ' ) +cl22 ),+cl22

(A9)

/1= l2=l3,
ll= /2, /3= 0,
/1&0, l2= /3= 0,

(A10)', c,;z](u—&1;+u],8;)=pu, ;, j=1,2, 3. (A3)

If a plane wave is traveling in the (ll, l2, 4) direction
with the velocity v and the displacement is in the
(dl c]2 4]]3) direction, one has the displacements given by

and their equivalents are the only directions in which

longitudinal waves can be propagated. From (A6) one

finds the corresponding pv's areu =Ad 3'"(0t—l r) j=1,2, 3, (A4)

Here p is the density of the solid. Using the definition If clap clearly
of the strain 0;;= 22(u;, ,+u;-, ;), one gets from (A1) and
(A2)

where ~ is propagation constant. The l )s, d s, and v

must satisfy
c;;8]l;l]d3 p0 d;, j= 1, 2——, 3. (AS)

For any direction of propagation (AS) gives three
real velocities (see Love' ), which have mutually or-
thogonal displacements.

For cubic symmetry (1) has the form

2 1&
p[] [100]= cll, pV [110]= 2 [cll+c12+2c44))

( )
P2 [111]= 3 (c11+2c12+4c44) .

Case II. Transverse Waves

From (AS) and d,l;= 0 one gets

]12+2),c(][p)22+) 2l 2+) 2$ 2)+ c2)pl 242= 0. (A12)

If the solutions for )1 of (A12) are substituted into

(A6), one finds that the only directions which satisfy

the conditions for transverse waves are those which

satisfy the conditions for longitudinal waves. Further-

more, it is only necessary to polarize the vibration for

propagation in the L110j direction. The p2"s are
'i K. Honda, and Y. Shirakawa, Sci. Rep. Res. Inst. Tohoku

Univ. 1, 9 (1949).
7 M. Yamamoto, Phys. Rev. 77, 566 (1950).
8 Bozorth) Mason, McSkimin, and Walker, Phys. Rev. 75) 1954

(1949).' A. E. H. Love, Mathematical Theory of Ejusticity (Cambridge
University Press, 1934), fourth edition, p. 298.

p5 T[100] C44)

P& Tl t110] C44

p& r2[110] s(cll c12)&
1/

p0 r [111]= 3 (cll+ c44—c12).

(A13)

(cll C44)ll [il+(c12+C44)lll2[f2+ (C12+C44)lll3d8
= (ps —c44)di,

(c[2+C44) t2tldl+ (Cll C44)l2 [f2+ (c12+c44)l2t8d8
(A6)= (p[] c44)d»—

(c12+c44) l3tl[f1+(c12+c44)13124f2+ (cll c44)13 d3
= (pv2 —c44)d3,




