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We investigate the motion of nuclear magnetization under conditions of microscopic inhomogeneity of the
hyperfine field (HFF) at low deviations from the equilibrium position. It is shown that if the HFF has a
Lorentz distribution function the free-precession damping coefficient depends little on the ratio of the
dynamic shift of the NMR frequency to the width of the distribution function. For a quadratic Lorentz
function, which falls off more rapidly on the wings, the damping coefficient of the free precession decreases
sharply with increasing dynamic frequency shift. Both the frequencies and the damping coefficients of the free
precession are independent of the parameters of the pulse-exciting high-frequency field.

PACS numbers: 76.60.Jx

Theoretical and experimental investigationsl'6 car-
ried out during the last ten years have shown that most
typical for magnets is a microscopic inhomogeneity
of the hyperfine field (HFF): the correlation radius
7, of the HFF is usually much smaller than the effec-
tive exchange-interaction radius ». In this situation,
the electronic magnetization M connected with the
strong exchange interacts with the resultant field of
the nuclear isochromats® " and the density of the macro-
scopic energy of the hyperfine interaction (HFI) is ex-
pressed in the form

%=M1Au‘ d4, (1)

where A is the HFI constant, p.“ is the magnetization
of the nuclear isochromat, and by isochromat is meant
the set of nuclei for which the HFI constant has the
same value. Naturally, under conditions of micro-
inhomogeneity of the HFF the motion of the nuclear
magnetization u* is described by integro-differential
equations, since the dynamic HFI M, f ApldA, and
consequently also the NMR dynamic frequency shift
(DFS) due to this interaction, are “turned on” only at
those time intervals when the total transverse nuclear
magnetization differs from zero. A mathematical an-
alysis of this situation is in the general case a very
complicated problem. Up to recently, the theoretical
calculation was carried out either for a model of a
macroscopic inhomogeneity of the HFF,?-!! wherein

in the sample is broken up into a quasi-non-interacting
sections within which the HFF is homogeneous, or for
the case when the inhomogeneity of the HFF is micro-
scopic but the DFS is small. 67 In the present paper we
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consider the simplest phenomena that can be analyzed
without restrictions on the value of the HFF—we in-
vestigate the motion of nuclear magnetization at small
deviations from the equilibrium positions.

We consider for the sake of argument a ferromag-
netic sample in the form of a sphere magnetized par-
allel to the external constant magnetic field H. We
assume that the Z axis is directed along H and that it
is possible to apply to the sample a high-frequency (HF)
field h ~exp (iwt) polarized in the XY plane. In place
of ui v,z it is convenient to introduce the relative
components
m=‘l"z"/l"‘v (2)

u=pxi/pt,  v=—pytpt,

where u‘ is the static magnetization of the isochro-
mat and is determined at not too low temperatures
by the Langevin formula

Ya2R2 (1+1)

g (AM—10). (3)

n*=Ng(4)
Here N is the concentration of the magnetic nuclei, g(A)
is the distribution function of A4, 7, is the nuclear gyro-
magnetic ratio, and / is the spin of the nucleus. Ina
coordinate system rotating with frequency w, the mo-
tion of the nuclear magnetization is described by the
equations™?
i~ (A+8) v+TutLy=0,
5+ (A+8) u+ T+ Lr=—oym, (4)
m+(m—1) /T, +L,=wxv.

Here A is the difference between the frequency of the
HF field and the average undisplaced NMR frequency
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(wg):

A=(0)—0, ©0.=Y.(AM—H), (5)

6 is the difference between the undisplaced frequency
of the individual isochromat and the average frequency

(W)
b=yn(A—<A>) M, (6)

T,=1/T, is the reciprocal transverse nuclear relaxa-
tion time, wy=17,nk is the nutation frequency, 7 =Ag¢
is the gain of the HF field, xg is the static electronic
susceptibility, and the nonlinear terms Ly y, , describe
the DFS of the NMR:

Ly=—DmK,, Ly=DmK. L,=D(vK.,~uK.,), )]
where
D=y.(nu, K.~ [uga)da, K.={vg(4)da, (8)

—o —o

1= [uAdA is the total static mechanization of the nuclear
system and, in addition, it is assumed that (AA|)

< (A).

The equations of motion (4), strictly speaking were
written out for the case when complete magnetic sym-
metry exists in the XY plane, i.e., the electronic
magnetization M precesses along a circle. Nonethe-
less, in analogy with the procedure in Ref. 8, it is
easy to show that if we neglect the inessential rapidly
oscillating terms, then Eqs. (4) are valid also in the
case when the M-precession trajectory is elliptic.
These equations remain valid also for antiferromag-
nets of the “easy plane” type for each magnetic sub-
lattice. If the deviations of the nuclear magnetization
from the equilibrium position are small, then the equa-
tions (4) can be linearized, i.e., we can put m=1.
We shall henceforth use 5 in place of the variable A.
We introduce the complex converse amplitude

(5, t)=u-+tiv (9)

and write down the linearized equation in the form

§+2(A+8)s+Ts—iDR=—ioy, (10)
0

R=R(t)= [sg(8)ds.
The real and imaginary parts of R(¢) determine the

transverse components of the summary nuclear mag-

netization:
pr=pRe(R), pr=pIm(R). (11)

For the sake of argument we assume a Lorentz distrib-
ution function 6:

I 1 12)
¢®) =5 (

To facilitate the discussion, we shall initially disre-

gard the dependence of the gain n on 6, i.e., we put
1= (n) and accordingly

D=Dy=xyn{A>*. . (13)

We consider first the free precession of the nuclear
isochromats in the simplest case, when all the iso-
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chromats have at the initial instant of time ¢ =0 the
same relative amplitude s(6) =s,. To obtain the solu-
tion of Eq. (10), we employ the following procedure.
We carry out a Laplace transformation and express
the transform of the function s(5, ¢) in terms of the
transform of the function R(¢):

” iDo&'*'SQ

s®)= AT Fi+ica,y (14)

Here s and R are respectively the transform of the
functions sand R. We now multiply both sides of the
equation by g(6) and integrate with respect to 5. As a
result we obtain an algebraic equation for ﬁ, from
which we get

A=
T pHiQHT,”’ (15)
Q=(w.>—D,, TI,*=I'+T,.

Taking the inverse Laplace transform, we obtain the
solution of Eq. (10):

(F—i8) exp (—int) —iD, exp (—iQt—T't)

#8,5)=sexp{-Tut) T—i(D+o) (16)
and also an expression for R:
R(t)=s,exp(—iQt—T,"t). (17)

From the expression for s(0,?) it is seen that the
character of the motion of each isochromat is deter-
mined by a sum of two terms. The first term des-
cribes the independent precession of each isochromat
with undisplaced frequency w,, while the second term
is connected with the DFS and describes the coherent
motion of the nuclear isochromats with common fre-
quency 2. As to the summary nuclear magnetization
i,, which is registered in the experiments, it is seen
from (17) that u, precesses at a frequency £ and a
damping coefficient I'*, and this result does not depend
on the relation between I" and D,.

We consider now the motion of the summary nuclear
magnetization u under the influence of a rectangular
HF-field pulse of arbitrary duration 7. Using the same
procedure as before, we obtain

=—iay(1—e?")/p(p+T,"+ih), (18)

where A is the detuning between the frequency of the
HF field and the shifted NMR frequency A=(2 - w).
Taking the inverse Laplace transform, we get

ON . oy )
R(t)A=A_iFn' [exp(—iAt—T,'t)—1], t<rt;
11— iAt+T,*
R(t)= oxl eAfo; T T)]exp(—iAt-I‘,.'t). t>1. (19)

From the expression (19) at £> 1/T'* we obtain the
stationary solution

R(t)=—ox/(A—iT."). (20)
This solution describes a stationary NMR line with
center on the displaced frequency £ and with half-
width T*. The second term of (19) describes the de-
crease of the free precession (DFP) after turning on
the HF field. It is seen from this expression that re-
gardless of the duration 7 and the carrier frequency
of the exciting pulse, the DFP frequency is always
determined by the central frequency . This result is
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valid for any value of D, including Dy=0, and is nat-
urally common to all systems of interacting or non-
interacting oscillators. In the literature, however,
this effect is not considered specially, and we shall
therefore dwell on it in greater detail. At first glance,
the result is paradoxical. In fact, one should expect,
if the frequency w corresponds, for example, to the
left edge of the absorption line (w <), and the dura-
tions of the pulses are long enough (7> 1/T'*), then by
the instant the pulse is turned-on the oscillators on the
left edge of the line will be excited more strongly than
on the right edge, and consequently the DFP frequency
should be displaced to the left relative to the central
frequency §2. The cause of this effect lies in the phase
relations in the oscillator system.

Figure 1 shows the dependence of the phase ¢ of the
oscillators (relative to the phase of the HF field) on the
oscillator frequency w, at t=7>1/T*%. It is clear from
this figure that although the resonant oscillators on
the left edge of the line are more strongly excited at
the instant when the pulse is turned off than on the
right edge, they are much more strongly dephased
relative to each other than the nonresonant oscillators
on the right edge of the line. As a result, the reson-
ant and nonresonant oscillators make equal contribu-
tions to the total amplitude, and the DFP frequency
coincides with the central frequency §2. For the same
reason, the damping of the DFP signal is determined
by the parameter T'}.

So far, to facilitate the exposition, we have written
down mathematical expressions obtained without al-
lowance for the dependence of the gain n on 4, and
consequently we have neglected the resultant scatter
of the DFS. Solving Egs. (10) with allowance for the
total expression for D-

D=D,(1+6/<®,)), (21)

we find that all the formulas obtained above for R(¢)
remain in force if we make the substitution

I—>T (1—D/<®,)). (22)

It is seen from this that the scatter of the values of

D, due to the scatter of A, leads to a narrowing of
NMR line. The reason is that larger values of w,
(i.e., larger values of A) correspond also to larger
values of D. Therefore the right edge of the NMR line
is displaced more strongly than the left edge, and as a
result the NMR line becomes narrower (Fig. 2). The
1(A) dependence causes also a scatter of the nutation
frequency wy. It is easy to verify, however, that the
scatter of wy leads only to an inessential renormal-
ization of the amplitude of HF field by an amount ~AT"/

(W,

?
x

4 w @,

FIG. 1. Dependence of the phase ¢ of the oscillator (relative
to the phase of the HF field) on the oscillator frequency w,.
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It follows from the foregoing analysis that the damp-
ing coefficient of the DFP depends very little on the
ratio of Dy and I'. On the other hand, analysis'!+!?
shows that under conditions of strong DFS (D, > T') the
interaction of the transverse components of the nuclear
spins should lead to suppression of the microscopic
inhomogeneity of the HFF, i.e., the free precession
damping coefficient should decrease sharply. In the
course of a discussion of the present paper, M.I.
Kurkin advanced the opinion that the obtained dis-
parity is connected with the slow decrease of the Lor-
entz function on the wings, and that for more rapidly
decreasing distribution functions the microinhomo-
geneity of the HFF should be suppressed.

We shall show now that such an effect is indeed real-
ized even for a quadratic Lorentz function. We put
2 re
=S 23

§0)=— e (23)
s(6)=s, at t=0, and neglect the inessential 7(5) de-
pendence. Using the same method as before, we ob-
tain

+r.+2r
R(p)=s b

* (pTatT+i<wn) ) —iDo (p+T.,-2T) + Dol 00, (24)

and correspondingly

R(t)= soexp(—iCony—T.) ¢ P21V exp (i) — (p:+2T) exp (pat) (25)
Pr—D2

The points
p=pi+io>—T. (26)

represent here the poles of the function é(p), while
py and p, are given by the expression

pra=T[ (=1 (2ta)*) +i(2L+(2t/a)"™) ],

27
a=(L*+1)"=L, T=D./4T. (7

At £ =0 expression (25) describes the free precession
with frequency (w,) and with a damping coefficient I'}:

R(t)=s,(1+Tt)exp(~T.'t). (28)

At ¢ +0 the motion of the nuclear magnetization is
described by the sum of two terms. The first term

in (25) corresponds to precession with a frequency
close to the displaced NMR frequency &, while the
second term to precession with frequency close to (w,).
With increasing ¢, the relative amplitude of the second
term in (25) decreases rapidly, therefore the charac-
ter of the motion is determined by the first term, for
which the damping coefficient decreases monotonically
from T (at £=0) to zero (at { —=«). For D> I" we get,
accurate to terms ~T?,

L
£2 (wp) w

FIG. 2. Narrowing of the NMR line on account of the scatter of
D. Here P is the absorption of the HF field energy.
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R(t)~s, exp(—iQ—2I"/Dy*)L. (29)

We see therefore that at I' << D, the damping coefficient
is determined by the expression 21"3/D(2, <L TI. Thus, the
effect of suppression of the microscopic inhomogen-
eity of the HFF'!"!? is realized even for a quadratic
Lorentz function.

If the system is acted upon by a rectangular HF-field
pulse, then the transform of the function R(¢) is given
by

—iwx[1—exp(—p1) ] (p+iA+T,+2I)
T Pl (pHA+TAT) —iD, (pHiA+T,+21) ]’

(30)

where 7 is the pulse duration. The pole at the point
p=0 corresponds to a stationary solution as 7—-«. The
two other poles describe the frequency and the damp-
ping coefficients in the transient processes. These
poles are obtained from an algebraic equation for (24)
only in the substitution (w,) - A. It is therefore clear
that at t >7 the frequencies and the damping coefficients
of the DFP are determined by expressions (26) and (27)
and do not depend on the duration and carrier frequency
of the exciting pulse.

The authors are deeply grateful to V. A. Ignatchenko
and M. I. Kurkin for constant interest in the work and
for helpful advice.
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The electronic absorption of sound in metals with magnetic impurities is considered. An expression is
obtained for the absorption coefficient of transverse sound a, with account of effects connected with the
motion of impurities in the field of the sound wave. This expression is connected with the electron self-energy
part (). Two types of dilute magnetic alloys are analyzed. In alloys with disordered magnetic impurities,
the characteristic temperature dependence of the absorption coefficient is obtained. In spin glasses there is an
anomalous frequency dependence of a,. At frequencies at which @, x@ ~* in metals without magnetic

impurities the relation of spin glasses is @, < ~'. The latter result is obtained without recourse to any specific
model of the spin glass and is the result of the impurity spin’s being “frozen in”. The proposed method can

also be employed in calculating the absorption of longitudinal sound.

PACS numbers: 75.80. + q, 75.30.Hx

1. INTRODUCTION

A number of interesting effects, which are due to the
interaction of the conduction electrons with the magnet-
ic impurities, have been observed in dilute magnetic
alloys (see, for example, Refs. 1 and 2). The specific
character of this interaction leads to a characteristic
dependence of the lifetime of the electronic excitations
on the energy and temperature, and also to rearrange-
ment of the electron spectrum in the case in which any
of the types of magnetic ordering of the impurities
(ferromagnetic, antiferromagnetic, spin glass, see,
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for example, Refs. 3 and 4) is established. Inasmuch
as the basic contribution to the sound absorption at low
temperatures is made by the interaction of the conduc-
tion electrons with the incident sound wave, it is natur-
al to expect that the characteristic features of the dilute
magnetic alloys are essentially manifested in the sound
absorption.

The problem of the sound absorption has been posed
and solved in many researches. There exist several
approaches to its solution. One of them—the phenome-
nological—is based on the use of the kinetic equation of
Boltzmann with a single relaxation time 7.>'® This ap-
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