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 at the
plate edges by uniform precession. In the resonance
.range, displacements excited by uniform precession at
the plate edges are partially compensated by displace-
‘ments excited by uniform precession at 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. 2l The
effectiveness of the sound excitation depends strongly on
the orientation of the rf field, in accordance with the re-
sults of'*); 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 as an acoustic resonator. It is necessary to
treat a multidomain medium as 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 E. A. Kaner for his
interest in the research,

DThis result differs from that obtained in a paper of Nedlin
and Shapiro'?), which appeared while our paper was being
prepared for printing. There, in the case Hy=0, a wall can
excite only sound waves with polarization perpendicular to
the magnetization in the domains., The difference is apparent-
ly due to their use of a more simplified phenomenological
model,
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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.

PACS numbers: 76.60. —k, 76.50.+g

The question of the influence of the overlap of the NMR
and FMR frequencies on the NMR signal observed by in-
termittent methods was considered earlier!! where elec-
tron-nuclear magnetic resonance (ENMR) was predicted,
a phenomenon consisting of multiple amplification of the

419 Sov. Phys. JETP 45(2), Feb. 1977

0038-5646/77/4502-0419%02.40

NMR signal by the FMR signal. This result was subse-
quently observed in experiment. ) Theoretically,
quasistationary transient processes in a nuclear system
were investigated under the conditions of overlap of
NMR and FMR. BJ It is of interest to examine the sin-
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gularities that may appear in the character of the non-
stationary transient processes investigated by pulsed ex-
perimental methods when the NMR and FMR frequencies
overlap,

The amplification of the spin-echo amplitude in the
region where the NMR and FMR frequencies overlap has
already been observed, “’ but no direct calculations of
the pulsed characteristics of a nuclear signal have been
performed as yet. In the present article we investi-
gate theoretically the main features of nuclear transient
processes, such as the decay of the free induction and
spin echo, in the region where the FMR and NMR fre-

quencies overlap.

CHARACTER OF MOTION OF NUCLEAR
MAGNETIZATION

As in the preceding papers, %35! we start from the
experimental fact that most ferromagnets are charac-
terized by a large electron relaxation parameter T, :
as a rule, T, is of the order of the NMR frequency w,,
and greatly exceeds all other characteristic parame-
ters of the motion of the nuclear system. The motion
of the electron magnetization M and of the nuclear mag-
netization in such a situation is described by Egs. (2.1)
of [3], and for an ellipsoid of arbitrary shape, using the
notation®®’, we have

o =Y.[H,+(N.—N.)M], o.=yv.[H.+(N~N.)M].

where H, = H, = H+ H,, for a sample magnetized along the
anisotropy axis and H, = H- H,, H,=H for a sample mag-
netized perpendicular to the anisotropy axis. We put

.henceforth w, = w, =w,, for simplicity, where w, is the
FMR frequency.

In the investigation of transient processes in a nuclear
system, in the region where the NMR and FMR fre-
quencies coincide, we shall use the following approxi-
mation. Let the resonant high-frequency (HF) field %
acting on the system be turned off (on) at the instant
t=0. We consider times #>I';!, in which the natural
oscillations of the electronic magnetization M attenuate.
Then the solution of the equation for M can be written
approximately in the form ’

Mo=y.(ha—Aps), (1)
where
_ ‘Yg}"[ i 2)
i (

is the complex electric susceptibility, M, =, +iM,,
Ma=pyxipy, hy=h+1h,.

In contrast to™ " and other studies in which the mo-
tion of the nuclear magnetization was investigated far
from the overlap region, we take into account here the
imaginary part of the electronic susceptibility, i.e.,
account is taken of the fact that M lags the effective field
acting on it by an angle g,(tang, =x. /x. ). Using (1), we
obtain the nonlinear equations of motion of the nuclear
magnetization, which are valid in the region where the
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NMR and FMR frequencies overlap. At 2=0, in a co-
ordinate frame rotating at a frequency w,, these equa-
tions take the form

Hat (Fira A YA ) =0,
; (3
We=Yad*%" p_p;—T, (ptp),

where T, = 75!, T, =Tj!, while T, and T, are the times
of the transverse and longitudinal nuclear relaxation,
respectively.

When the system (3) is linearized in the normal (u,
== ) or inverted (u,=p) state, the first equation leads
to expressions for the dynamic frequency shift Aw,: and
the nuclear-like oscillation damping coefficient:

Aw'=FD=Fy,4%.n, 0,”=T,=+T,,
(4)
Fe=Y.A%." .

Here D is the parameter of the dynamic frequency
shift, T, is the parameter of the nuclear-electron re-
laxation (NER), where NER is taken to mean the damp-
ing in the nuclear system due to relaxation via the elec-
tron system. We note that the maximum dynamic fre-
quency shift, which is reached at the point w,(H)=w, +T,,
and the maximum increase of the damping coefficient,
which is reached at w,=w,, are determined, accurate to
a factor 3, by one and the same expression n:wi /4T,,
where w, =(47,7,4*Mu)!/? is the parameter of the dynamic
electron-nuclear interaction.

In all probability, the principal changes in the charac-
ter of the transient processes in the nuclear system,
when NMR and FMR frequencies overlap, should be
connected with the abrupt enhancement of the NER (at
w,= w, we have D« T',). On the other hand, if the non-
linear terms describing the NER and the dynamic fre-
quency shift in (3) can be neglected, then we obtain the
usual Bloch equation. These equations (with allowance
for the inhomogeneous broadening I'; of the NMR) de-
scribe® numerous pulsed phenomena, such as the re-
laxation of the free induction, spin echo, etc. Thus, at
a sufficiently low value of y, when the contribution of
the NER to the nuclear relaxation can be neglected,
pulsed phenomena in the region where the NMR and
FMR overlap do not differ in their character from
pulsed phenomena far from the overlap region. The only
singularity, as follows from (1), is that the gains of
the HF field and of the nuclear signal are now deter-
mined by the expression n=A4|y,| and they increase
strongly as w,~ w, because of the increase of the elec-
tronic susceptibility. It appears that this situation took
place in the experiment of’*’, where an abrupt enhance-
ment of the nuclear spin-echo signal was observed for
the first time at w,~ w,. It is clear from the foregoing
that it is more convenient to observe weak nuclear sig-
nals when the NMR and FMR frequencies overlap.

With increasing NER, the character of the transition
processes should change. We consider the limiting case,
when the NER time I']! is the shortest relaxation time in
the nuclear system (usually the shortest time is the time
of dephasing of the nuclear spins as a result of the in-
homogeneity of the hyperfine field I';!). This situation is
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not too exotic at low temperatures. In fact, if far from
the overlap region we have D>T, i.e., if at w,«< w, a
dynamic frequency shift is observed with assurance in
the ferromagnet (and such experiments were performed
inf®)), then at w,= w, the quantity I';! should be the short-
est relaxation time, inasmuch as maxD=maxT, /2. In
this case the relaxation processes are determined pri-
marily by the NER mechanism. This mechanism was
first considered in®), but was not investigated in detail,
inasmuch as far from the overlap region it makes no
substantial contribution:to the nuclear relaxation.

To study the NER, we turn to Eqs. (3) and put I, =T,
=0. We note immediately the main feature of NER: if
this mechanism predominates, then the relaxation of the
nuclear magnetization proceeds with conservation of the
modulus |pul.

Changing over in the resultant equations to spherical
coordinates (p,=pe**’ sinf, u,=- 1 cosé), we see that
the variables 6 and ¢ separate, and we have

0
tg g)

6,
=e“"“tg7°, @=D cos 6(t), (5)

where 6, is the initial angle between g and the equilib-
rium position.

Recognizing that §=-T, siné, the expressions for the
longitudinal (u,) and transverse (u, =| p,|) components
of u can be written in the form

pe=— (/) po% fo=(T/R) pebts. (6)

We see therefore that in the NER process the components
L. and p, are not independent. Naturally, these ex-
pressions differ quite substantially from the ordinary
Bloch expressions (fi,==T(uz+ ), fy==THu).

The experimentally observed transverse component
of the electronic magnetization is given by

M,=np,=npsinb. (7

Curve 1 in Fig. 1 shows the envelope of the free-
induction signal at 6, <7m/2. At 6,>7/2 the decay of the
free induction should give way to a burst of radiation
(curve 2). It must be borne in mind, however, that at
6,> /2, and especially at 6, close to 7, a possibility
exists!? of spontaneous buildup of nuclear-like spin
waves (this question will be discussed later on). We
emphasize once more that the NER mechanism leads
only to a change in the angle between M and u, but does
not change the value of |ul. The NER, for example,
cannot take the nuclear magnetization out of the satura-
tion state (u, =0, — u<u,<0). We note also that at
I, >T, it is impossible to observe nuclear spin echo,
since the nuclear magnetization relaxes within a time
shorter than the time of the reversible dephasing of the
nuclear spins.

We note that all the foregoing results can be easily
extended to include the case of strong asymmetry (w,
> w,), which is typical of the experiments in®*), For
this situation, as can be easily shown, wehave n=24]y,l,
and w, =(v, Apw,)’?, where
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FIG. 1. Plot of M, against f: curve 1 corresponds to 6,<m/2,

and curve 2 to 6> /2,

2 =1 Mo/ [ (05 —0,2) +2iTew,]. ' (8)

Expressions (4) for T, and D remain in force when (8) is
taken into account.

ELECTRON-NUCLEAR SPIN WAVES

As already mentioned, if the nuclear magnetization is
rotated through an angle 6,>7/2, then the relaxation in
the nuclear system can become inhomogeneous because
of the spontaneous growth of electron-nuclear spin
waves. Such a possibility is particularly significant at
6, close to m, when the initial amplitude of the homo-
geneous deviation is small. To analyze this situation,
we write down the dispersion law of the electron-nu-
clear spin waves in a ferromagnet with allowance for the
relaxation. From the coupled system of equations of
motion for M and'u and the equations of magnetostatics we
obtain the following dispersion equation:

(@* 42T —0a?) (0*+2il 0—0,) —di*=0, (9)
d'=27.Apo.(0*tow.),
o=v.[ (H,+H.)/2—N.M+aMk*+2aM sin’ 0, ].

Here w,, and T',, are the frequency and damping parame-
ter of the electron spin wave, expressions for which are
given, for example, in™!'); « is the exchange-interaction
constant.

If the parameter w, =[27, Au(w,+0)]!/2 of the dynamic
interaction between the electron and nuclear spin waves
is much less than I, then, accurate to terms ~pu, we
obtain

tkz“‘l)nz

O] dox”
D=0 1+d.‘—) ilex | 1—
k (l)k( k 20.4°Bs* +le(1 B ),

2 2 d..t (10)

WOn"—Wex' . nk

o (4t So) o (Pt 5.
Bi'=(0a’—0,") +4lw’o.’

Here @, is the complex frequency of the electron-like
spin wave, @,y is the complex frequency of the nuclear-
like spin wave, d,y=dy(w =Wey), dpy=dp(w=w,).

When the nuclear magnetization is changed into the
inverted state 6,= m, the expressions (10) remain in
force, subject to the substitution p—- - p.

The damping coefficient of the nuclear-like spin wave
is determined in this case by the expression

@.”=T~Tu, Da=Tadui*/ B, (11)

It is seen therefore that at I' ;> T, the nuclear-like
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spin wave does not attenuate but increases. It is obvious
that if in this case I' ,4,>T,, then the homogeneous tran-
sient process connected with the NER will be impossible
because of the decay of the nuclear magnetization into nu-
clear-like spin waves.
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