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A theory of depolarization in media is developed, in which the tensor nature of the relaxation rate is 
related to the presence of an external field" A new effect that should occur in semiconductors is 
predicted, namely that slow precession in a superstrong magnetic field is insensitive to the magni
tude of the damping, and hence it should be possible to observe muonium under conditions in which 
direct methods would be ineffective. Formulas are obtained for polarization at an instant that is 
infinite with respect to the time of the chemical reaction. Formulas are also derived for the time 
dependence of the polarization in a number of limiting cases. In particular, formulas are obtained 
for the case when the recently-discovered muonium-precession beats can be observed in a magnetic 
field. 

UNTIL recently, for the analysis of experiments on 
depolarization of fl + mesons, the degree to which the 
relaxation rate of the electron spin can be regarded 
as a scalar was immaterial. Indeed, the small ten-
sor addition vanishes in longitudinal fields at a field 
value on the order of 50-100 G. The relaxation time 
connected with this addition is quite large, on the 
order of hundreds of nanoseconds. In experiments, 
even radioscopic ones, it is possible to disregard such 
a small addition, provided one does not deal with media 
in which the muonium has a long lifetime especially if 
in such media there is a large electron density, and the 
temperatures are infralow, so that the scalar compon
ent of the relaxation rate is suppressed. The large 
electron density leads to a sharp decrease of the fre
quency connected with the hyperfine splitting in muon
ium, and it becomes necessary to consider both the 
slow and fast relaxation rates. In this paper we con
fine ourselves to the influence of the tensor relaxation 
in the absence of an external radio-frequency field, and 
to the most realistic and simple case in which the ten
sor properties are determined exclusively by the ex
ternal fields, i.e., the tensor properties of the relaxa
tion times are connected with the physics of the relaxa
tion phenomenon itself, and not with features of the 
crystal structure. Until the dependence of the relaxa
tion time on the external magnetic field is determined, 
such a theory can be purely formalistic and can apply 
to any mechanism of tensor relaxation. We shall first 
confine ourselves to the case in which the experiments 
are carried out without time-varying fields. 

It should be noted that a certain caution must be 
exercised with transferring the well known equations 
for the relaxation times from the theory of paramag
netic and nuclear resonances to the case of fl +-meson 
depolarization: a single muonium atom can diffuse in 
certain media up to the very act of chemical reaction, 
and the kinematic effects connected with the diffusion 
may exert their own influence in the determination of 
which of the regions around the active center make the 
largest contribution to the tensor component of the re
laxation time. Tensor effects are produced merely for 
the sole reason that the external magnetic field plus 

the internal random field form an elliptic field. It must 
be emphasized that in this case we cannot regard the 
influence of local magnetic fields separately from the 
equations for the density matrix, for it is necessary 
here to introduce different values of attenuation for the 
different polarization components. 

A. CASE OF LONGITUDINAL FIELDS 

If the preferred direction is only the field itself, 
then there are two different relaxation times of the 
electron spin, as is the case in the theory of magnetic 
resonance (the Bloch equation). 

Using the same directions of the axes as in Pl, we 
obtain in lieu of the system (11) in [rJ 

dp:o I dt = P32- Pz:l, 

dp,, I dt = Pto - pot + 2x~p33 + 2xp,, - V _LP23, 

dp32 I dt = •Pot - Pto - 2x~p,, - 2xp33 - V _Lp32, 

dp'Ot I dt = 1'23 - p, - '\'!I Pot, 

dp22 I dt = 2xt;p,2 - 2xp2, - v j_f'zz, 

dp33 I dt = - 2.r~p23 + 2xp, - v j_fl3,,. (1) 

We have retained in (1) the notation ofPl: I; =me/m 
is the ratio of the magnetic moments of the fl + meson 
and the electron, y = 4v/ w0 is a dimensionless elec
tron-spin relaxation parameter, 2v is the time of re
laxation of the electron spin, r is the dimensionless 
time, x = H/Ho is the dimensionless magnetic field, 
and p are the components of the density matrix. We 
are interested primarily in the dependence of the av
erage polarization of the magnetic field, if the depend
ence of y II and y 1 on the longitudinal field is known. 

However, the information obtained from experiment 
is richer, since it may contain also time relationships. 
We shall not present analytic solutions in terms of the 
inconvenient Car dan formulas, as was done in a paper 
by YakovlevaC21 , and develop a perturbation theory in 
analogy with the paper of Nosov and Yakovleva[3 J. 

The determinant of the system (1 ) is 

Dvr = [(1., + V_L) 2 + (2x(1- 0) 2]{/c(/c +'VII)[(!.+ '\'_LJZ + (2x(1 + ~) )2] 

+ 2(2f. +VII) (f, + '\'_L)}. (2) 
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The minor corresponding to a certain initial polariza
tion of the J-L + meson, multiplied by (-A.), is 

Mvr = [(A+ Y..L) 2 + 4x'(1- \;)']{A(A +vn) W- + V..L) 2 

+ 4x2 (1 + ~) 2 ] + 2A(A + y-'-)}. (3) 

From (2) and (3) we see that to find the eigenvalues it 
is necessary to solve a fourth-degree equation. 

The ratio of expressions (3) and (2) is equal to the 
average observable polarization: 

Poo = 1- (Tcuo)'( -} + V..L<){ (1 + 2V..L't) 2 

+(wo<)'[ (1+2v..L,;).(1+vrr<) +x'(1+~l']}-'. (4) 
(1 + LVII't) 

In ( 4) we have made the substitution A - 1/ T, where, 
as usual, r is the time of entering in the chemical re
action, and changed over to dimensional symbols. For 
the quantity P/2(1 - P) we now have 

1 Poo 1+2v..L,; 1/z x'(1+\:) 2 ---'-----'- + + . 
2 (1-Poo) ('t'wo) 2 (1+2vrr't') (1+2v..L't') 

(5) 

Although expression (5) differs little in form from the 
corresponding expression of[ 4 l, the three-point relation 
is no longer satisfied, since v 11 and v 1 depend on the 
magnitude of the field, i.e., on x2. However, at suffi
ciently strong fields, when v 1 and v 11 become equal and 
independent of the field, the three-point relation, i.e., 
a straight line on the axes (P/(1 - P)) and x2, is re
stored. 

We are interested, however, not only in the average 
polarization but also in the time variation. To find the 
eigenvalues we must solve an equation obtained by 
equating to zero the expression in the curly brackets 
of (2 ): 

1.' + A'[2y..L + Yrr] + A'[Y..L'YII + 4x'(1 + ~)' + 4] 

+ A[VIIY..L2 + 4yrrx'(1 + ~)2 + 4y..L + 2vrr] + 2YIIY..L = 0. 
(6) 

We seek the roots corresponding to small attenuation; 
provided we do not deal with strongly contaminated 
semiconductors, only such roots are of physical inter
est, since the tensor character of the relaxation time 
will affect the time variation only when the relaxation 
time is sufficiently large, i.e., on the order of 10-9 sec 
and higher. Only in very highly contaminated semicon
duetors can the characteristic time of binding of the 
J-L + meson with the medium be so large. (The time 
10-8 sec already corresponds to an effective dielectric 
constant E = (128)116 = 2.2, i.e., to muonium, whose 
dimensions are increased by a factor of 5.) 

Confining ourselves to terms quadratic in y 11 and 
y 1 , we obtain 

At,,= fu + x'(1 + \;)']-' {- [4y11x2 (1 + ~)' + 4yj_ + 2y11J 
(7) 

± [(4vrr (1 + \;)'x' + 4y..L + 2vrr) 2 + 32ynx'v..L(1 + \;)']''•}. 

There is no tensor component, i.e., Y1 =y11 = y, 
then expression (7) goes over into the well known 
roots [3T 

'/zy 
1., = ·-y, Az =- 1 + x'( 1 + \;)' (8) 

For control purposes, we obtain also the roots corre
sponding to fast attenuation. We assume for this pur
pose that A ~ 1 and retain in the equation only the 
terms of order of lmity; then, making successive ap
proximations up to first order in y, we obtain 

A3,, = ±2i11 + x2 (1 + \;)'- {4(vrr + V..L)x'(1 + ~) 2 

+ 3(2y..L + vrr) }{±3il'1 + x'(1 + \;) 2 + 2[1 + x' (1 + ~)']}-'. (9) 

Let us find now the coefficient Ck of the corresponding 
eigenvalues: 

ck = -Mvr(Ak) I [Dv{(Ak). (-Ak)], (10) 

where My1 is the minor given by expression (3) and 
Dy1 is the derivative of the determinant (2) with re
spect to the eigenvalue A., both taken at the point 
A= Ak· 

Since MVI and DVI contain the same factor 
[ (A + y 1 )2 + 4x2(1 - !; )2 J, we actually have 

A"= -Mrv(/.,) I [D1v'U-"l · (-!.")], (11) 

where 

Mrv = "(A+ YrrH (A+ V..L)' + 4x'(1 + \;)'] + 2J.(J. + Y..L), 
Drv = A(A + Yrr) W- + V..L) 2 + 4x'(1 + ~) 2 ] 

+2 (2A + Yn) (A+ V..L). (12) 

In fact, we can always omit the part in the curly brack
ets of (9 ). Substituting then (9) and (7) in (12) and (10 ), 
we obtain 

c, = _ 16y..L(r- 1/,) _ [y11 + 2y..L(r-1)] 
(6- rp) 6 r{) ' 

c, = _ _:l_{lyirV..L_(l-:=_';'2)_ +[}'II_+ 2y_..L(r- !.21 
(6 + rp)i\ ro , 

C3 = C, = 1 I 4r. (13) 

Here 

r = 1 + x2 (1 + \;) 2, rp = 4x'(1 + s)'vrr + 4V..L + 2yrr. 
6 = l'rp'- 32vrrY 1_r. 

It is easy to see that for x =0, when r = 1, q; = 4y 1 
+2n, o =4y1 -2y 11 , A1=Ya, and A2=0; for Yll =y1 
= y, when o = 2y(2r- 1), q; = 2y(2r + 1), and A2 =0. 

The time dependence of the polarization is deter
mined, as usual, by the following expression: 

P(t)= ± Ck[ f J__exp{-t'(__l:_+ A~cWo)}dt' 
k~l 0 't' "( 2 

+ exp { -t ( + + ),k ";)} J, 
Hence 

(14) 

't'Wo ~ CkAk { ( 1 AkWo )} ( ) P(t)=Poo+-,- L.i----, exp -t -+-- 15 
2 h~t 1 + Ak"tulo/2 ,; 2 

To complete the picture, we present here Ak and 
CkAk in compact notation: 

b·-rp ',,=-J'i'+6) ) At=-s;;-, r_ Sr , /,3 =2ir, 1.4 =-2ir; (16 

J.,C,= -16vrrY..L(r--:-'12l_ (ll-rp)[v•r+2y..L(r-1)] 
8rll 8r21l 

16vrrY..L(r-'/z) [vn+2v..L(r-1)](11+q;) 
A,C, = -----::8'--=rb:-----'- (1 7) 

8r'o 

i i 
A,C3 =--z· J.,C,= - 2 . 

We call attention to the following circumstance: if we 
consider substances (in which stopping takes place) 
such that Wo >> max( v 1 , v 11 ), then Wo is in this case 
itself sufficiently large in the sense that times 1/ wo 
cannot be attained in experiment, and the time depend
ence can be determined only by the first two terms in 
the sum of (15 ). If there is no field, then only one term 
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remains in the sum (in addition, v 11 and v1 become 
equal and the coefficient A2 vanishes). 

Thus, by performing experiments in different longi
tudinal fields and by studying the time dependence, it is 
possible to reconstruct v11 and v1 provided the time of 
entry in the chemical reaction T is sufficiently long. 

To complete the picture let us consider also a case 
corresponding to such rapid electron-spin relaxation 
times that the spin-spin coupling is almost broken. In 
spite of the fact that such a case is apparently exotic, 
it may turn out to be important for semiconducting 
ferrites, at very low temperatures, when on the one 
hand chemical reactions are slowed down, and on the 
other hand the probability of exchange scattering of the 
free electron by the muonium electron is decreased, 
i.e., the scalar component of the reciprocal relaxation 
time of the electron spin is decreased. At the same 
time, at low temperature 1l the tensor component of the 
reciprocal electron-spin relaxation time not only fails 
to decrease, but even increases. At large electron 
densities, as a result of the decrease of the Debye 
length in semiconductors, a strong decrease of Wo may 
occur, and the case w 0 << v 1 may turn out to be 
realistic. 

Retaining in (6) terms of order y 2, y, and 1 and 
terms corresponding to an external field for the case 
of slow attenuation, A.~ 1/y, we obtain 

'·1~ -2 . (18) 
'Y.L + 4x2 (1 + ~) 2/v.L 

It thus turns out that the case considered by Zel'dovich, 
in the presence of a tensor relaxation time, does not 
differ from the corresponding case with a scalar relax
ation time. Using (11) and (12) we obtain immediately 
that A1 = 1. This completes the analysis of the behav
ior in a longitudinal field. 

B. CASE OF TRANSVERSE FIELD 

Just as in the case of a longitudinal field, we con
fine ourselves to large and small relaxation rates for 
the time variation of the polarization and to arbitrary 
relaxation times for the average residual polarization. 

In lieu of the system (15) of[ll, where it is assumed 
that the field is directed along the 2 axis and the initial 
iJ. + -meson momentum is directed along the ( -1) axis, 
we derive a system of equations with tensor y: to this 
end it suffices to make the substitution y - y 11 if y is 
a factor of p 12 and p 32, and y - y 1 in the remaining 
cases. Without writing out this system, we see im
mediately that it is possible to introduce here, too, the 
complex variables 

(19) 

and to make the substitution y - y 11 in Eq. (1 7) of the 
same reference if y is the factor of pt, and y- y 1 in 
all other cases. We then obtain 

dp~ I dt = -ipe1 + ip"' + 2i(;.:rp~, 

1lThe fact that effects of random magnetic fields and of the dipole
dipole interaction proper should become more intense at low tempera
ture was pointed out to the author by V.I. Selivanov, to whom the 
author is deeply grateful for this remark, particularly in connection with 
the fact that, to a certain degree, it stimulated the present work. 

dpel dt = ipe1 - ip~'- (Y.L + 2ix)p,, 

dpe' I dt = ipe- ip~- (VII- 2i\;x)pe', 

dp"l dt = ip~- ipe- (y_1_ + 2ix)p•'· 

The determinant of the system is 

D,v = A 2B2 - (A+ B) 2 - iYii(AB2 - (A+ B)], 

A= i(1. + v11 - 2i(;x), B = i(1.+ Y.L- 2;.1·). 

(20) 

(21) 

The minor corresponding to a certain initial polariza
tion of the iJ. + meson, multiplied by (-A.), is, in the 
same notation, 

M 1v = i1.[AB'- (A +B)]. (22) 

In accordance with[ 1 l, the average polarization in a 
transverse magnetic field is defined as a complex 
quantity, the modulus of which is equal to the polariza
tion vector, and the phase is equal to the additional 
angle through which the iJ. + meson must be rotated in 
order for the precession to occur at a frequency wiJ. 
after entering in the chemical reaction, as if the pre
cession were to start at the very instant when the 
meson enters into the substance. In other words, the 
average polarization, or more accurately the polariza
tion at an infinite instant of time (since we assume that 
the observations cannot be carried out as yet within the 
time of the chemical reaction), is equal to 

(2 3) 

We have emphasized here that the complex quantities 
P and p iJ. are by their nature equivalent to vectors. 

We define the polarization as an analytic function of 
the parameter: 

{ i[A2B 2 -(A +B)']}-1 
P(1.)= -1. 'Yll + [AB'-(A +B)]. ; (24) 

Then 

(25) 

We recall that here T and wiJ. are quantities made 
dimensionless relative to w0 /2: r = T wa/2 and wiJ. 
= 2wiJ./w 0 • On the basis of (21)-(25) we have 

1 { . [Ao2Bo2 - (Ao + Bo)']}-1 

Poo= -7 'VII+' [AoBo'-(Ao+Bo)] ; 

Ao=i(-}+Yn) +2x(s-f;), 

Eo= ;(~+Yj_)- 2x(1 + z;~). 
L 2x 

(26) 

In the case of primary interest to us, when the iJ. +
meson precession frequency after entering into the 
chemical reaction is equal to the precession frequency 
of the iJ. +meson, i.e., [; = wiJ./2x, we obtain from (26), 
going over simultaneously to the usual dimensional 
notation 

( 2 4vn) A 1 =i -+-. 
Wo't' Wo 

In analogy with [4 J, we consider in lieu of 
tity P/ ( 1 - P), for which we get from (27) 

(27) 

P the quan-
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_P_=--~+ 2A,B, (28) 
1 - P itB,wo itwo (At+ Bt) 

For the quantity q = P/2 ( 1 - P) we obtain the following 
expressions: 

Req= du +~,!,_- 2d.L2 (du+d.L) 
two(du2 +4y2) wot wot[(du+d.L) 2+4y2]' 

-2y 2yd.l.2 (29) 
Imq= + . 

two(du' + 4y2 ) -rwo[(du + d.L)' + 4y2] 

We have introduced here the notation 

dn = _3__ (1 + 2v11t), d.l. = ~ (1 + 2v.Lt); (30) 
WoT Wo't 

y=x(1+6)=.!!..(t+~). (31) 
H0 m~ 

Formulas (29)-(31) in the scalar case go over into the 
corresponding formulas of[4l. All the relations obtained 
inr 4 l remain valid for q and P. 

It may turn out from a comparison of formulas (5) 
and (29) that they contradict each other at a zero field. 
In fact this is not so: the limits as the field approaches 
zero must be taken also with the same relaxation rates, 
since only the field causes the difference between the 
relaxation rates. At the same time, if we consider 
formally the system of Eqs. (1) and (19), then we see 
immediately the difference between them: in one case 
a relaxation rate along the initial polarization is pre
ferred, and in the other it is preferred in one of the 
transverse directions. This is also the reason why at 
very large relaxation rates a difference is obtained 
between the limiting formulas: the entire difference is 
determined by the field, and the field influences the re
laxation in different manners. 

We now proceed to study the time dependences of the 
polarization in a transverse magnetic field. To find the 
eigenvalues we must solve an equation obtained by 
equating to zero the determinant (21): 

A2Bz- (A+ B)z- iyu[AB2- (A+ B)) = 0. (32) 

We have retained here the notations (21). We note that 
Eq. (32) is transformed into a very compact equation if 
we make a change of variable and find the quantity tJ., 
which is determined from the equation 

if.t =it..+ 26x. (33) 

Introducing 

z = "\'.l. + 2iy, (34) 

we get 

A= if.t+Yu, B= if.t+iz. (35) 

Substituting (35) in (32 ), we get 

u(f.t+Yu) (f.t+Y.L +2iy)2+ (2!t+Yu + "\'.L +2iy) (2f.t+Y.l. + 2iy) = 0 
(36) 

or 

(_1_+ 1 )(_!_+ i . ) = -1. (37) 
f.t+Yu f.t+Y.L+2iy f.t f.t+Y.L+2iy 

Expression (37) goes over in the scalar case into the 
corresponding equation of[ 4 l. 

Although (36) is simply an equation of fourth degree 
and can therefore be solved exactly, we shall not use 
the very complicated formulas and will solve it by an 
approximate procedure, in order to be able to perform 
readily a physical analysis. It is seen directly from 

(37) that the complex parameter z(34) is very useful 
for a mathematical analysis of (36) and for its solu
tions. Then 

f.t(f.t+Yu)(f.t+z) 2 + (2f.t+Yu+z)(2f.t+z) =0. (38) 

We are interested in cases in which both parameters 
y 11 and z are large in absolute magnitude, or one of 
them is small, or else when both are small. In princi
ple, for ferrites at very low temperatures, an inter
mediate case might also be interesting, but then it is 
more convenient to solve (36) with a computer, for an 
analysis of the results of the time variation would be 
difficult to carry out in any case without a computer; 
for this reason, we shall not cop.sider this case, all the 
more since there is no acute experimental need for it 
at present. 

We start with a very simple case considered by 
Zel'dovich, when both parameters are large; this case 
is characterized by the fact that owing to the very large 
relaxation rate of the electron spin, the coupling be
tween the spins of the tJ. + meson and of the electron 
breaks, and the tJ. + meson precesses almost like a 
free meson. We are interested in a root having a very 
small real part. We note that if the imaginary part is 
very large, i.e., comparable with Yll and z (this, in 
principle, can be realized for ferrites), then our analy
sis will not be applicable to such a case. 

In the case of a small root, Eq. (36) goes over into 

f.t2Z(z + Yu) + f.t[vuz2 + 2yu + 4z] + z('l'll + z) = 0, (39) 

from which we obtain immediately 

f.ti~-~-___i. (40) 
Z "\'II 

The remaining roots will be of the order of Yll and z, 
and their coefficients will be close to zero, in analogy 
with the results obtained in[l•4 l. The coefficient C1 is 
equal to unity with great accuracy. Indeed, according 
to (10 ), (21 ), and (22 ), in the case of a transverse field 
the coefficient corresponding to a certain eigenvalue 
X is 

AB2-(A +B) ( ) 
Ck(A.k)= 2ABZ+ 2A2B- 2(A +B)- iy11 [2AB+B2- 2]' 41 

from which we see immediately that even when y 1 and 
Yll are different, the correction term o for the coeffi
cient will still be of the order of 

1 
Re6~y' lm6 ~max[~. x']. 

"\' y• 

We present in explicit form expressions for the 
time dependence of the polarization for Zel'dovich's 
case. According to (22) of[ll, we have 

P(t) = Q(i- P..,) + P..,ei•~root, 

(42) 

(43) 

where Poo is determined by formula (27), which goes 
over in the case of very large relaxation rates into 

~{ (tw0 ) 2 [2+2(vu+v.L)t+ix(1+6)UJot] }-' (44) 
~~ 1+ • 

2 [1 + 2v.Lt + ix(1 + 6)w.t](1 + 2vut) 

and Q is defined as follows: 

Q = exp{-t [_!_+ woz + wozv.l. ~]} 
t 8vu 2[4v.L2 +w02x2 (1+6) 2] 

(45) 
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Greatest interest attaches, however, to the case 
when y 11 is small, corresponding to beats in the 
Jl+ -meson spin precession[ 5 • 1 • 6 \ We begin the analysis 
with the limiting case when y 11 = 0. It is then seen 
directly from (37) that the equation can be solved ex
actly and that its four roots are 

-(z±2i)±Y~ (46) 
J..l.i, 2, a, 4 = 2 . 

From (46) we see that the tensor relaxation rate leads 
to an untrivial physical fact: the beats can exist in one 
form or another even at large values of the attenuation, 
provided the Yll are small. By "large" we mean in this 
case y ~ x2 • 

Let us write down now expressions for the roots in 
the case of large and small z. In the case of small z 
(which in particular corresponds to beats in a weak 
magnetic field, x « 1 ), we obtain 

z z2 

~lj = 2i---z--4, 
z z2 

[t&=---z---4· (47) 

The roots 1 and 2 correspond to very rapid precession, 
which is practically unobservable. The roots 3 and 4 
correspond to beats in the precession with frequency 
close to the precession frequency of the electron spin. 

In the case of large z >> 1, we have an asymptotic 
expansion 

2 
~ti = i--, 

z 

2 
fl< = -i- --;-· 

In the case of large z, it is useful to write out the 
eigenvalues "A: 

2 
ic1 = 2~xi + i--, 

z 

2 
:>., = -i-z+-+2~xi, 

z 

(48) 

(49) 

It is seen from (49) that in principle the set of roots 
1 and 4 can ensure, at sufficiently large z (it is unim
portant here whether they are complex or pure imagi
nary), modulations that can be observed at large values 
of the magnetic field (large x ~ Y2 ~ ). The case of pure 
imaginary z was considered in fact in[ 61 • In other 
words, it turns out that the transverse component of 
the relaxation rate does not hinder the existence of 
such oscillations, no matter how large the rate may be. 
To complete the description of the limiting case y 11 = 0, 
let us calculate the coefficients for both limiting cases. 
At small values of z, the coefficients are 

(50) 

At large z we obtain 

(51) 

When we have considered above the case of large 
relaxation rates (expressions (39 )- (42 )), we have 
tacitly assumed that the fields are not very strong, i.e., 
the condition I z I » y 11 , y 11 >> 1 is not realized. 

Let us consider now this very case. From the equa
tion in the form (37) we see directly that in this case 
there is one root Jl1 ~ -y 11, another root 114 f':! [1/y 11 ], 

and two roots of the order of z. Solving Eq. (38) by 
successive approximations, we get !l1 =- y 11 - 4/ z or 

8yi-4y.L 
At = 2~xi- VII + 2 + 4 2 V.L y 

(52) 

The frequency shift might be appreciable, but as seen 
directly from (41) the coefficient of the root 1J. 1 is of 
the order of 1/ Yll, i.e., it is practically equal to zero. 
For the second root we obtain ll4"' -1/yll - 1/z, which 
coincides exactly with (40 ). The coefficient of this term, 
corresponds to the second root, is close to unity. The 
coefficient at the terms corresponding to the remaining 
roots will be close to zero like 1/z2, and we shall 
therefore disregard them. 

Thus, this case does not contain anything of physical 
interest. However, the situation changes as soon as we 
decrease y 11 , to the extent that it becomes comparable 
with unity. Eq. (37) then assumes the very simple form 

( 1 1 )( 1 ) --+- ---1 
fl+VI' z fl - ' 

(53) 

if we consider roots much smaller than z. We obtain 
immediately that 

( VII 1 ) . v 1 ( 1 )" flt=- -+- +1 1~- vu--2 2z 4 z ' 

~= -(v~ + 2~)-iV1-: (~~-+)". (54) 

It is clear from the foregoing that the coefficients 
for both roots should, generally speaking, be of the 
order of unity, and since the coefficients of the remain
ing roots at large z are practically equal to zero, the 
sum of the coefficients of the terms corresponding to 
roots 1 and 4 should be quite closely to unity. We con
clude therefore that effects connected with the existence 
of the roots (54) are in principle observable: a shift 
takes place of the resonant frequency, at which preces
sion takes place with very small frequency in a very 
strong field. In the absence of attenuation, such a pre
cession was considered in[6 l, but it was indicated in 
that paper that exceedingly strong fields will be neces
sary. The case of semiconductors, in which w0 may 
greatly exceed the vacuum value, was not considered 
at all, since it was quite clear that large relaxation 
rates will be obtained. However, it is seen from (54) 
that, first, slow precession will be observed in a much 
wider class of cases than the recently discovered[eJ 
beats in a weak field, and second, in the region of large 
Yll and fields such that precession with the frequency 
of the !l • meson can be observed, i.e., in the region of 
the dip on the curves in the ( y, P) plane ofPl, it is 
possible to carry out time investigations, provided the 
absolute values of v 11 and v1 are themselves sufficiently 
smalL In other words, a possibility is uncovered of 
investigating ferrites and semiconductors in a wider 
range than before, particularly at low and infralow tem
peratures, at which the probability of exchange scatter
ing by free electrons is decreased. We note that follows 
from (7) that a time dependence will be observed also 
in a longitudinal field (formula (8) for A. 2 remains valid 
if a transition y- y 1 is made in it.) 

We now determine the coefficients of the terms with 
roots (54). A relatively accurate cumbersome formula 
is obtained in elementary fashion by substituting (54) 
and (35) in (41). In two limiting cases we have cl = c4 
=Y2 if Yll « 2, but if y 11 » 2 then (since a root close 
to zero appears), this root, corresponding to (40 ), en-
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ters with weight 1 .. The transition formula can be 
written approximately in the following form: 

C '·' = ± {- [ ~I + ;z ± R] z2 - z} j2z2R, 

R= V-{--(vu-+)'-1. (55) 

We proceed to consider weak attenuation when 
z << 1. This case corresponds to corrections to ex
pressions (46) and (47), and it follows from a compari
son ofrsJ and£ 1 1 that it requires a very cautious analysis. 
This case is all the more of interest to us, since it 
corresponds precisely to the recently discovered beats 
in a weak field[ 6 l, and can be significant in a correct 
analysis of the aggregate of experimental data since 
it is quite probable that the existing theory(l,sl may be 
corrected by taking into account the tensor character 
of the relaxation rate. 

We start from an equation in the form (38) and 
begin with a case y << 1, z « 1; we wish here to find 
roots !J. << 1, i.e., !J. ~ y ~ z. We then have the equa
tion 

(56) 

and the roots 

(57) 

We note it is impossible to go in (57) to the limit as 
y II - 0, since this may cause the loss of solution 
properties of interest to us. We now consider the case 
z 2 ~ Yll and z >> Yll· We neglect the difference of the 
roots (57) and assume 

ltt0 ~ -z I 2, It = {J + 1t1°. 

Substituting (58) in (38 ), we seek the correction 
o ~ z2 ~ Yll· We have the equation 

415' + 26yu + z' I 16 = 0 

(58) 

(59) 

and accordingly the roots 

z Yll 1-v z• 
ltt,2= -2-4±4 Yllz-4. (60) 

In the region of the point where the character of the 
solution changes, y~ ~ z 2/4, it is necessary to take 
into account also the term ~z 5 ; the equation then be-
comes 

z' z3 
4{J2 +21lYII +f6-gYII = 0, (61) 

and we obtain for the roots the expression 

"' 2 =- __:_- 11!. ± ~-vYII2- ~- z3y]1 (62) 
,-, 2 4 4 4 2 ' 

Expression (62) in conjunction (33 )- (35) determines 
the form of the solution. Let us find the coefficients of 
the slowly-varying terms: 

[ -v z' z3yu J J -v z• z"yu Ct,z= Yll- Yll2_4_z 4 Y2_4_2_· (63) 

Since the remaining two roots would appear under 
rather exotic conditions, we shall not discuss them at 
all. 
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