
equal to 4x10' cm-'. The estimate given inCg1 from the 
experimental data is equal to - 3 x 10' cm". The width 
Aw in our estimate = 0.24 eV, and the absolute position 
of this peak i s  not predicted due to rejection from the 
dynamical investigation of the contribution due to non 
van der Waals interactions of the atoms. The shape of 
the absorption line for the given transition intg1 differs 
somewhat from that predicted by the ideas under con- 
sideration-in the first place by its width which i s  ap- 
proximately twice a s  large inCs1. Nevertheless it is  
possible that in regard to lower temperatures (T = 20 K 
incg1) the mechanism under consideration retains a cer- 
tain competitive ability with regard to the other absorp- 
tion mechanisms. The experimentally observed narrow- 
ing of the lines at very low temperatures attests to this. 
In any case, allowance for the natural decay in the re- 
gion of the resonances associated with natural absorption 
is essential. As to the initial general equations of the 
collective approximation proposed here and also pos- 
sible generalizations of this method, their application to 
problems specific to quantum electronics such a s  the 
coherence of laser radiation, super-radiance, etc., is 

of particular interest. 
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Sound generation in a multidomain ferromagnet 
A. V. Mitin and V. A. Tarasov 
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(Submitted July 27, 1976) 
Zh. Eksp. Teor. Fi. 72, 793-802 (February 1977) 

The generation of sound by a radio-frequency field in a multidomain structure; formed by 180-degree 
Bloch walls, is treated by simultaneous solution of the equations of motion for the magnetization and for 
elastic waves. It is shown that the effectiveness of the generation depends strongly on the orientation of 
the radio-frequency field. Emphasis is placed on the large role played in the amplification of acoustic 
oscillations by a magnetoacoustic resonator that involves both the acoustic properties of the specimen and 
also the multidomain structure. From the results of the paper it follows that excitation of acoustic 
oscillations by Bloch walls in a multidomain structure is quite effective and that these oscillations can be 
detected experimentally. 

PACS numbers: 43.35.Rw, 75.80.+q 

1. INTRODUCTION interest to investigate this mechanism on the basis of a 

For detection of weak ultrasonic (US) vibrations, there 
has recently been increasingly broad application of the 
method of US modulation of MSssbauer radiation. This 
method offers the possibility of measuring amplitudes 
of the order of magnitude of a fraction of an angstrom. 
US Mijssbauer spectroscopy has received its greatest 
development in the study of ultrasound excited by a 
radio-frequency (rf) field in ferromagnets. As has been 
established, the principal mechanism of excitation of . 
sound i s  magnetostriction.cll At the same time, experi- 
ment shows that the theory of excitation of sound in a 
single-domain structure (see, for e ~ a m p l e , ~ ~ * ~ ~ )  does not 
fully describe the experiment ofC1l. Additional clarity 
in the understanding of the physical picture of the effect 
can be achieved by use of the mechanism of excitation 
of sound by Bloch walls." In this connection, it is of 

multidomain structure of the specimen. 

2. HIGH-FREQUENCY OSCILLATIONS OF A BLOCH 
WALL -. -. . 

We consider a uniaxial cubic crystal of a ferromag- 
netic material in the form of a plate with dimensions 
Lxdlxdz. We direct the axis of easy magnetization 
along x; then the plane of the absorber will be the xz or 
yz plane when the smallest dimension of the plate is dl  
or dz respectively (see Fig. 1). For simplicity we re- 
strict ourselves to the case in which the specimen con- 
sists of plane-parallel domains, separated by domain 
walls perpendicular to the z axis. In an equilibrium 
state, all the domains have the same thickness D; the 
wall thickness i s  A. For absorber thicknesses charac- 
teristic of Mijssbauer spectroscopy, the Landau-Lif- 
shitzLS1 model of the transition layer may be considered 

414 Sov. Phys. JETP 4321, Feb. 1977 0038-5646/77/4502-0414$02.40 0 1978 American institute of Physics 414 



differentiation of the free energy with respect to the m- 
responding components of the deformation: 

FIG. 1. Representation of the domain structure and of the 
geometry of the problem. 

applicable; that is, it may be treated as a Bloch wall. 

In the original coordinate system, the axis of quanti- 
zation has not been fixed. Following   inter,"] we in- 
troduce a local coordinate system XYz rotated through 
an angle #(z) with respect to the xyz system, with the x 
axis directed along the equilibrium direction of the spin 
S,,(z). The angle 8(z) i s  measured from the x axis; the 
origins of the two coordinate systems coincide and are  
located at the center of one of the walls. Outside the 
Bloch walls, the systems coincide. We shall suppose 
that the external biasing magnetic field Ho = 0, and that 
the rf field has an arbitrary direction and projections 
hxefwt, hy eiwt, h, eiwt. Here hx, h,, and h, are  ampli- 
tudes of the rf field, and w is its frequency. Then the 
Hamiltonian of the system, with allowance for magneto- 
striction, can be written as follows: 

where the first  term corresponds to the exchange inter- 
action, the second to the anisotropy energy, the third to 
the qua~ ie l a s t i c [~~  energy of the wall; the fourth gives 
the effective mass of the wall,c61 the seventh the energy 
of interaction of the magnetization with the rf field; z,, 
is the magnetostriction energy. 

a;, is the elastic energy, 

Here ui, are the components of the deformation tensor; 
S,, S,, S, are  the components of the spin; y and yo are 
the components of the magnetostriction; and cf, are  the 
elastic constants. The system of equations of motion 
for the magnetization and for elastic waves, for a small 
uniform rf field, can in our case be written in the form 

a s .  1 a2u, aa, 
-=- 

at ih 
[S"%l' p 7 = ( ) t * .  

where p i s  the density of the material, and where 7,, are  
the components of the stress tensor, which are  found by 

We shall take account of attenuation of the magnetic and 
elastic waves phenomenologically. 

On expressing % in terms of S,, S,, and S, and re- 
taining only terms linear in S,, S,, and h (since h is 
small, therefore S, and S, are  small, while S,=S, where 
S corresponds to the saturation magnetization), we ob- 
tain the system of equations 

d'u, 3'u, 
p,=c,,- 

d t  dzZ ' 
as, A =  - 2 ] S a Z e  + 2KSS. (cos2 0 - sinZ 0 )  

d t  az2 
f 4 r ~ ( g p ) ~  SS,+ 270S2(u,, cos 0+u,,  sin 0 )  + gph,S, 

-2K'SSy-rS,+gphS sin 0-gph,S cos 0 ,  

where r is introduced in order to allow for attenuation 
in the Landau-Lifshitz form, and where a i s  the lattice 
constant. 

In the derivation of the system (4), use has been made 
of the fact that the magnetization distributioh depends 
only on z,  and therefore the solution must depend only 
on z. The third equation in (4) i s  not coupled with the 
others: u, = 0; in the linear approximation, there are  
no elastic oscillations perpendicular to the Bloch wall. 
Hereafter we shall restrict ourselves to the case of 
quite low frequencies, when the acoustic wavelength i s  
much larger than the domain-wall thickness, that is 
qA << 1 (this is satisfied for w 101° rad/sec); we shall 
also suppose that the magnetic and elastic branches of 
the oscillations are  coupled weakly. 

We now find the component of spin perpendicular to 
the Bloch wall, since it is it that occurs in the equations 
for the elastic c!isplacements: 

where, if we adopt the usual conditions K >> K' and 
~ T ( ~ P ) ' s  >> 2KS, ''I then wo, = E"(~K's 4n(g@)%)"' is the 
resonance frequency of oscillations of the magnetic mo- 
ment in the walls, and w, = t i " ( 2 ~ ~  4~(~/3) '~) '" i s  the 
resonance frequency of oscillations in the domains. 

The first  and second terms in (5) describe standing 
oscillations of the magnetization localized, respectively, 
in the walls and in the domains; the third corresponds 
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t o  a uniform precession, since the z component of the rf 
field does not sense the domain structure. On substitut- 
ing S, in the f i rs t  two equations of the system (4), we 
obtain the following wave equations: 

where 

2KSg$hz r,SZ 
Bz = - h 2 ( ~ 2 - o o z ? )  - i t l o r  e,, 

q = w/v ,  is the wave vector of a transverse sound wave, 
and u, = is the velocity of a transverse sound 
wave. 

The solution of (5a) can be obtained by use of Green's 
function for the wave equationcs1: 

where Green's function is 

Knowing the explicit form of B(z), which is determined 
.by the equationsc53 

sin 0-aech ( z / p ) ,  cos 0=-th ( z / p ) ,  (7) 

we obtain for a single Bloch wall, in the lowest non- 
vanishing approximation with respect to qA, for sound 
waves traveling along the z axis 

u y -  -- ~ B = ~ ~ Z ( W I - ~ I Z I )  sign ( z )  
* I ~ B , ~ ~ ~ ~ ( ~ ~ - ~ I : I I  sign ( z ) ,  

(8) 
=-iB e""-'l'l) 

x 4P sign ( z )  
~ i B 2 q - l e ~ b t - ~ l z l )  

where p = (2 J / K ~ ) " ~  is a parameter characteristic of 
the domain-wall thickness, a quantity approximately an 
order of magnitude smaller than A; the upper sign cor- 
responds to Bloch walls with 0 -( e -( n, the lower with 
n-(BG2n. 

It i s  seen that in the case under consideration, in 
which the external biasing field H = 0, it is possible to 
excite transverse sound waves polarized in the plane of 
a Bloch wall; the polarization may be perpendicular or 
parallel to the magnetization in the domains." We note 
that the components h, and h, of the rf field, as distin- 
guished from h,, excite only oscillations polarized along 
the y and x axes, respectively. 

3. MULTIDOMAIN STRUCTURE 

We pass now to the consideration of a multidomain 
structure. In using the results of the calculations for a 

single Bloch wall, we may approximate it  by a 6-func- 
tion sound source: 

sine 8 = 2 ~ 6 ( z ) ,  cosZ0=2p[1 -6 ( z )  1, 

sin 8=*pn6(z) ,  ~ ( C O S  0) /az=$26 ( z ) .  
(9) 

In this approximation, we obtain for a multidomain 
structure the following wave equations: 

a2uU I - a 
dzL + 4% = -z 2iB.p-[6(s-Dk)  let"' 

k- L 
az 

Here m = L/D - 1 is the number of walls; for definite- 
ness, we suppose that the spin in the edge domain is di- 
rected along the positive direction of the x axis, whose 
origin we shall hereafter place at the edge of the plate. 

We shall consider two different forms of the boundary 
conditions for acoustic oscillations along the z axis: 
clamped boundaries, when the displacement at the 
boundary vanishes, and free boundaries, when the stress 
at the boundary vanishes. This corresponds at z = O  and 
L to 

On solving the equations by the Fourier me th~d , [~* '~  we 
finally obtain the displacement in the form of standing 
waves: 

a )  clamped boundaries: 

wen 

,.-2 

even 

even 

b)  free boundaries: 

O D  + 2 Re [ B ~  7 o,, tg (+) cos(p.,z) e l* ' ] ,  
n-a 
even 

wacos ( 9 4 )  
u. = - 5 I* { B .  [.+a. ,.,,. - a.p ctg (s) cos(q .z ) ]  ielmrl 

0-1 
J 

odd 

. + 2 Fle (Bx [z+on (3 - 1 )  a] ee* ' ] .  (13b) 
,In, 4n 
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Here 

O,V, 
a,, = 

4 - 
~~--~,, '+ioo,lQ, L 

are factors that allow for the role of the plate as a reso- 
nator and that lead, for w =  wn< 4vtQ,/L, to amplification 
of the acoustic oscillations; w, =nnv,/l =gnut is the fre- 
quency of mechanical resonance of the n-th mode. The 
number of a mode is the number of acoustical half-waves 
spanned by the plate length in the direction perpendicu- 
lar to the plane of a Bloch wall. 

Damping of the sound waves has been taken into ac- 
count phenomenologically by means of the quality factor 
Q,. Resonance occurs at w= wn, and at resonance a, 

n". The functions tan(w,,D/2vt) and cot(w,,D/2vt) and 
a selection that separates even and odd modes take ac- 
count of the contribution of the whole multidomain struc' 
ture to the generation. The multidomain property may 
also play the role of an amplifying resonator in the fre- 
quency range 

where p is a nonnegative integer, when tan(wnD/2v,) or 
cot(onD/dvt), respectively, is larger in modulus than 
unity. The modes (2p+ l)L/D correspond to the case 
in which the domain thickness spans an odd number of 
acoustic half-waves; and since they are odd, tan(w$/ 
2v,) does not become infinite. The modes (2p+ ~ )L /D  - 1 
and (2p+ l)L/D + 1, when tan(w,,D/2vt) is present in the 
sum, correspond to maximum amplification by the mul- 
tidomain structure, and for them the displacements have 
opposite signs. Similarly, the modes 2pL/D correspond 
to the case in which the domain thickness contains an 
even number of acoustic half-waves; and since they are  
even, cot(w$/2vt) does not become infinite. The modes 
~PL/D - 1 and ~PL/D + 1, when cot (w,,D/2vt) i s  present 
in the sum, correspond to maximum amplification by the 
multidomain structure, and the displacements have op- 
posite signs. 

Both the specimen and the multidomain structure may 
simultaneously take part in the amplification of acous- 
tical oscillations; furthermore, the multidomain struc- 
ture determines the character of the resonance modes 
excited in the specimen. In other words, a multidomain 
medium is  a single magnetoacoustical resonator. 

The individual terms in the solution obtained have the 
following physical meaning. 

1. Excitation of sound at Bloch walls by magnetiza- 
tion oscillations localized at the walls: the first  sums 
in (12a) ahd (12b). 

2. Excitation of sound at Bloch walls by magnetiza- 
tion oscillations localized in the domains: the first  sum 
in (13a) and the third term of the first sum in (13b). 

3. Excitation of sound at Bloch walls by uniform pre- 
cession: the second sums in (12a), (I%), and (l3a) and 
the third term of the second sum in (13b). 

4. Excitation of sound at the plate edges by magneti- 
zation oscillations localized in the domains, and by uni- 
form precession: the first  two terms of the first sum 
and the first  two terms of the second sum, respectively, 
in (13b). 

4. DISCUSSION 

It i s  known that the intensity of the absorption or  radi- 
ation line in US MZissbauer spectroscopy is proportional 
to J~(U~/X),  where Jn is the Bessel function of order n, 
uo is the amplitude of the US displacement, and 1[ = h/2n 
is the wavelength of the y radiation."' It follows from 
the properties of the Bessel function that this method i s  
capable of detecting US displacements comparable with 
the wavelength of the y radiation (for ~ e ~ ' ,  for example, 
X = 1.4 - 10" cm). Modulation of the y radiation requires 
US displacements perpendicular to the plane of the ab- 
sorber. Two orientations of the magnetization within 
the domains are possible. 

A. Magnetization in the plane of the absorber 

This orientation is encountered oftenest in ferromag- 
nets. In this case, since our magnetization i s  bound to 
the x axis, we must take the xz plane as the plane of the 
absorber and examine the expressions (12a) and ( l a )  
for the displacements along the y axis. We shall make 
a numerical estimate for the isotope I?e5' in iron, using 
the following values of the constants: c14= 1.12. 1012 
erg/cm3, y s 2  = 6.4 * 10' erg/cm3, KS' = 4.2 - 10' erg/ 
cm3, S = 9.2 loz2 ~ m - ~ ,  vt = 3' 3 10' cm/sec, p = 2.3 

10'~ cm,['O1 wol = 5 10' rad/sec, wO2 = 5 10' rad/se~,[~ '  
~,=580""; and let h o = l  G, L = l  cm. If we take d,=l 
cm and dl = 30 pm, then we can estimate the domain 
thickness a s  D= 5 lo-' cm. "01 

As an example we shall give here only the result of a 
numerical estimate of the first sum in (12b), which i s  
caused by excitation of sound at Bloch walls by mag- 
netization oscillations localized at the walls. In this 
case the displacement amplitude at w = w13 = 2a 2.15 
MHz can be estimated as  

Here both factors, the plates and the multidomain struc- 
ture, play the role of an amplifying resonator; and since 
u!a n-' when w, < wol, the effective contribution to modu- 
lation of the y radiation comes from odd modes 1 to 13. 
In the region of ferromagnetic domain resonance, far 
from the crossing point of the magnetic and elastic 
branches of the oscillation, at  w, = o,, = 277 80 MHz, the 
amplitude i s  small: 

In the frequency range in which the acoustic wavelength 
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is comparable with the domain thickness, the displace- 
ment amplitude has a maximum. In this case, at 

and the contribution to the effect in this range will also 
be small. Here u, = 0.2, cot(w,,D/2vt) = 1.2 . 10'; that is, 
the role of amplifying resonator is  played by the multi- 
domain structure alone. 

By use of these and analogous estimates for (12a) and 
(12b), it can apparently be stated that for ferromagnetic 
plates magnetized in their plane, US displacements can 
be detected in the following cases: 

1) boundaries clamped in the direction perpendicular 
to the plane of a Bloch wall, and h I1 Oz; 

2) boundaries free, and h ll Ox; 

3) boundaries free, and h II Oz. 

In the first case, the displacements will be detected 
in the mechanical resonance range of the first mode. 
These displacements are excited at Bloch walls by uni- 
form precession of the magnetization; the role of am- 
plifying resonator i s  played by the plate. In the second 
case, the displacements will be detected in the mechani- 
cal resonance range of 1 to 13 odd modes. These dis- 
placements are excited at Bloch walls by magnetization 
oscillations localized at the walls; the role of amplifying 
resonator is played both by the plate and by the multido- 
main structure. In the third case, the displacements 
will be detected in the mechanical resonance range of 
two even modes, when the domain thickness is compara- 
ble with the half-length of the acoustic wave: w, 
= nL4vt (L/D i 1) = 2n 330 MHz. These displacements 
a re  excited at Bloch walls by uniform precession, and 
amplification of them by the multidomain structure is 
maximal. 

B. Magnetization perpendicular to the absorber plane 

In this case, we must take the yz plane as  the plane of 
the absorber and examine the expressions (13a) and 
(13b) for the displacements along the x axis. For esti- 
mation, we shall use the same values of the constants, 
except for the domain thickness, which for L& = 30 pm 
and dl = 1 cm can be estimated a s  D= 3 10" cm. 

The displacement amplitude of the first sum in (13b) 
can be expressed in the form of a resonance contribution 
from the second and third terms and a nonresonance con- 
tribution from the first two terms. The resonance con- 
tribution is caused by excitation of sound at the plate 
edges and at Bloch walls, respectively, by magnetiza- 
tion oscillations localized in domains. The nonreso- 
nance contribution i s  caused by excitation of sound at 
the plate edges by magnetization oscillations localized 
in domains. A t  w = w,, = 2n. 2.15 MHz, the resonance 
component can be estimated a s  

Here the role of amplifying resonator is played by the 
plate alone; and since ui a n" for w < wo2 and nJ for 
w > w,, the effective contribution to the modulation is 
made by 1 to 13 odd modes. The contribution of the third 
term is small even at frequencies w, = rL-lvt (~L /D  * 1) 
= 2n 11 GHz, corresponding to maximum amplification 
of the acoustic oscillations by the multidomain structure. 
These frequencies now enter the hypersonic range and 
were not considered by us. In the frequency range w 
>2nB 5 MHz, the effective component will be the nonres- 
onant one. 

The displacement amplitude for the second sum in 
(13b) can also be expressed in the form of a resonance 
contribution of the second and third terms and a nonres- 
onance contribution of the first two. The resonance con- 
tribution i s  caused by excitation of sound by uniform 
precession at the plate edges and at the Bloch walls, re- 
spectively. The nonresonance contribution i s  caused by 
excitation of sound by uniform precession at the plate 
edges. At o = wl,= 277 2.48 MHz, the resonance compo- 
nent can be estimated as  

where ul,/&,, = 8 lo4. Here, in the resonance range, 
the displacements excited at the plate edges and at the 
walls partially compensate each other; and since ga nd 
for on < w, and u;a n4 for w > w02, the effective contribu- 
tion to the modulation comes from 1 to 15 odd modes. If 
we turn on an external biasing field Ho, which annihilates 
the domain structure, the compensation disappears, and 
the resonance component at w = w,,, = 271 - 59 MHz can be 
estimated a s  

Here the role of amplifying resonator is played by the 
plate alone; and in consequence of the removal of the 
compensation, the effective contribution to the modula- 
tion will come from odd modes with frequencies up to 
59 MHz. The nonresonant component i s  effective at all 
frequencies. 

By use of these and analogous estimates for (13a) and 
(13b), it can apparently be stated that for ferromagnetic 
plates magnetized perpendicular to the absorption plane, 
US displacements can be detected in the following cases: 

1) boundaries clamped in the direction perpendicular 
to the plane of the Bloch walls, and h II Oz; 

2) boundaries free, and h II Oy; 

3) boundaries free, and h II Oz. 

In the first case, the displacements will be detected 
in the mechanical resonance range of 2 to 6 even modes. 
These displacements a re  excited at the Bloch walls by 
uniform precession of the magnetization; the role of 
amplifying resonator is played by the plate. In the sec- 
ond case, the displacements will be detected in the 
mechanical resonance range of 1 to 13 odd modes, and 
also for' frequencies w 2r  5 MHz. These displace- 
ments are excited at the plate edges by oscillations 
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localized in the domains; the role of amplifying reso- 
nator is again played by the plate. In the third case, 
the displacements will be detected at all  frequencies for 
the nonresonant component and in the mechanical reso- 
nance range of 1 to 15 odd modes for the resonance com- 
ponent. The nonresonant component is excited a t  the 
plate edges by uniform precession. In the resonance 
range, displacements excited by uniform precession a t  
the plate edges a r e  partially compensated by displace- 
ments excited by uniform precession a t  the walls. On 
destruction of the domain structure by an external bias- 
ing field, the compensation is removed, and the range 
of the detectable resonance modes extends to 59 MHz. 
In both cases the plate is an amplifying resonator. 

5. CONCLUSION 

From the estimates given, it is evident that excitation 
of acoustical oscillations by Bloch walls in a multido- 
main structure is quite effective. These oscillations 
can be detected experimentally, and investigation of 
them is useful in the study of multidomain structures. 
With decrease of the frequency of the rf field, the ef- 
fectiveness of the excitation of sound at  mechanical 
resonances of the specimen increases. These "low- 
frequency oscillations" may be responsible for an effect 
in the hundreds-of-kilohertz range in hematite. The 
effectiveness of the sound excitation depends strongly on 
the orientation of the rf field, in accordance with the re-  
sults ofC"'; furthermore, the acoustical signal in a mul- 
tidomain structure is not determined solely by the in- 
tensity of the exciting field and the properties of the 
specimen a s  an acoustic resonator. It is necessary to 
treat  a multidomain medium a s  a single magnetoacousti- 
cal resonator. 

A similar picture of sound excitation is possible in a 
domain structure of stripe domains, and also in ferro- 
electric materials. In the latter case, electric domains 

must be considered instead of magnetic. 

In conclusion, the authors thank 6.  A. Kaner for his 
interest in the research. 

 his resul t  differs f rom that obtained in a paper of Nedlin 
and ~ h a ~ i r o ' ~ ' ,  which appeared while our paper was being 
prepared for  printing. There,  in the ca se  Ho = 0, a wall can 
excite only sound waves with polarization perpendicular to 
the magnetization in the  domains. The difference is apparent- 
l y  due to the i r  use  of a more  simplified phenomenological 
model. 
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Transient processes in the region where the NMR and 
FMR overlap 
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Transient processes in a nuclear system (spin echo, decay of free induction, etc.) are investigated in the 
region where the NMR and FMR frequencies overlap. The singularities of the relaxation of a nuclear 
system via the electron system (NER) is analyzed in detail. It is shown that at small values of the nuclear 
magnetization p the character of the transient processes remains unchanged in the region where the NMR 
and FMR frequencies overlap, but the gain of the high-frequency field and of the nuclear signal increase 
strongly. At large p, the transient processes in the nuclear system are determined by the NER 
mechanism. 
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The question of the influence of the overlap of the NMR NMR signal by the FMR signal. This result was subse- 
and FMR frequencies on the NMR signal observed by in- quently observed in experiment. "' Theoretically, 
termittent methods was considered earlierc1' where elec- quasistationary transient processes in a nuclear system 
tron-nuclear magnetic resonance (ENMR) was predicted, were investigated under the conditions of overlap of 
a phenomenon consisting of multiple amplification of the NMR and FMR. 13] It is of interest to examine the sin- 
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