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After a p - meson has barn captured by an atom in a solid with charge Z of the nucleus, an impurity is
fonned; it is a p-nucleon atom or an ion with mesic atom nucleus with charge Z-1. A study is made of the
dfect of the electron shell of the impurity and the amduction electrons on the behavior of the spin
polarization of the p - meson with allowance for the hyperfie structure o f the mesic atom nucleas, a
conversion Auger transition being possible between the components of the hyperfine structure. O e n d
expressions are obtained for the muon spin polarization, and some specific examples of the possible use o f p mesons for investigations in solid-statephysics are considered.

PACS numbers: 36.10.Dr
1. The investigation of materials by observation of
the behavior of muon polarization (pSR) has become
one of the basic experimental methods of solid-state
physics. Both in the Soviet Union and abroad, the use
of positive muons is now being augmented by an extensive program of investigations by means of negative
muons. From the simple observation of the residual
polarization in the first studies, a detailed bibliography
of which can be found in the review of Ref. 1, the experimental groups a r e now turning to the measurement
of more subtle effects. F o r example, observations a r e
now made of the muon spin relaxation times T, and T,,
the paramagnetic shift and the Knight shifts, and hyperfine anomalies. The measurements a r e made in a
wide range of temperatures; the necessary references
to this work can be found in the review paper Ref. 2.

From the theoretical point of view, pSR methods for
solids have much in common with the method of nuclear
magnetic resonance (NMR) f o r impurities. However,
for target materials with nuclear spin i # O there a r e
important differences. In this paper, we shall not be
concerned with questions associated with the phenomena
that occur during the stopping, capture, and cascade
processes associated with the stopping of negative muons
in a target. We shall consider the spin behavior of the
muon once it has reached the 1s orbit (K shell) of the
mesic atom. The components of the muon spin polarization vector P(t) oscillate because of the interaction
with the external fields and the fields due to the hyperfine interactions with the electrons. In addition, P(t)
changes because of conversion Auger transitions
between the components of the hyperfine structure of
It is shown in Ref. 5 that external
the mesic atom.
fields can change the conversion rate.
We shall show that different relationships between the
conversion rates R and the frequency of the P(t) oscillations significantly change the amplitude and time dependence of the muon spin polarization vector. In addition, R depends strongly in some cases on the state
of the outer electron shells and the chemical composition of the target, which, in its turn, changes the effective lifetime of a muon captured by the same element
in different chemical compounds. The present paper
is devoted to a consistent theory with allowance for
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these effects, and also to a discussion of their possible
uses.
We shall restrict ourselves to taking into account the
influence of the electron shell and the conduction electrons on the spin of the p' meson, assuming that the
back reaction of the muon spin on the behavior of the
electrons in the solid is negligible. Such an assumption is quite unjustified for gaseous media, but, a s a
rule, i t is justified in solids a t not too low temperatures.
After the p' meson has been captured by an atom with
charge Z in the solid, an impurity p-nucleon atom or
an ion with charge Z - 1 is formed. If the impurity
does not have a completely closed electron shell, the
projection of the total angular momentum J of the resulting paramagnetic center can vary rather rapidly
because of the interaction with the environment with
characteristic relaxation time 7,. When the relaxation
time re of the angular momentum J of the electron
shell is much shorter than the characteristic time of
the hyperfine interaction of this shell with the spin I of
the impurity nucleus, it is not a t all possible, in cont r a s t to a free atom, to speak of the total angular momentum F = I + J of the system. The behavior of the
electron shell is then entirely governed by the interaction with the environment. This may be the exchange
interaction with the conduction electrons in a metal o r
a semiconductor o r any other interaction considered in
ESR theory that leads to a short relaxation time re of
the electron angular momentum of the paramagnetic
center.
The "nucleus" of the p-nucleon atom is a mesic atom
in whose ground state the total spin I is made up of the
spin s =+ of the muon and the spin i of the target nucleus. If i #0, then the nucleus of the mesic atom may
be in one of two states of a hyperfine doublet. For
2 <30, the energy difference in the hyperfine doublet is
A & - 1-lo3 eV. From the upper state with spin I, i t is
possible for there t o be a conversion MI Auger transition to the state with spin I,, energy being transferred
to an Auger electron.
The effect of the electrons on the nucleus of the pnucleon atom is manifested in the form of effective
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fields due to the hyperfine interaction of the electrons
with the magnetic and quadrupole moments. The conversion transition rate R depends on the wave functions
of the electrons of the environment. Different populations of the electron spin states and the selection rules
associated with angular momentum conservation in the
MI Auger transition lead to a dependence of the transition rate on the polarization of the electron shells from
which the Auger electron is stripped. If the paramagnetic shell has an appreciable polarization, the closed
inner nlj shells acquire a polarization g"'' through the
configuration interaction. As is shown by the calculations of Refs. 6 and 7, the polarization of the core electrons for the L, shell of the elements from B to F
reaches several percent. A similar situation obtains
for the M, and N, shells for elements of the third and
fourth rows of the periodic table. It should be noted
that in ferromagnetic substances the same effects lead
to polarization of the inner shells, and the polarization
of the conduction electrons is already 5- 10%.
We note also that the effects considered here must
also be manifested in an MI conversion Auger transition
of the excited nucleus of an ordinary atom, but these
effects will be manifested much more weakly since for
nuclear transitions A c 2 10 keV and the Auger electrons a r e stripped mainly from deep shells with polarization 8"')<<
If, however, Auger electrons a r e
detected and separated according to their energies, as,
for example, in Ref. 8, then for the electrons of the
outer shells one can obviously observe effects associated with the change in the conversion transition
rates.
In p-nucleon atoms of light elements, the transition
energy is A &2 10 eV and Auger electrons can be stripped
from the comparatively "crumblyv shells, whose polarization may be of order b= lo-' - 5 lo2, and, a s
will be shown, the effects considered in the present
paper can be observed and used to investigate the properties of solids a t the already existing technological
level of p-meson experiments.
The following circumstance may be very helpful.
Having reached the K orbit in a time shorter than lo-''
sec, retaining a t the same time 3-20% of i t s initial
polarization, the meson may decay with characteristic
sec o r be captured by a nucleus a t
time T, = 2.2 x
the rate A,, which depends strongly on the total spin
I= i
of the mesic atom. The difference AAC= A:+
- Af-,,, between the rates of the K captures is usually
estimated in V-A theory and for light elements is two
orders of magnitude less than the rate of conversion
Auger transitions. As in the case of free p-nucleon
atoms, one can relate AACto the change in the conversion rate for different mutual orientations of the spin
polarizations of the p' meson and the electrons of the
medium. Under experimental conditions, the change
in the direction of the polarizations of the electrons of
the medium, which is determined by the direction of the
external magnetic field, is usually not associated with
the introduction of systematic e r r o r s in the measurements, and this opens up the possibility of a compensation experiment permitting estimation of the spin con-

,,,

it
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stants of the weak interaction for light nuclei. As we
shall show, such a compensation experiment can be
used to determine the polarization of the individual
electron shells.
2 . We now obtain the basic relations that describe
the system. The Hamiltonian of the nucleus of the pnucleon atom o r ion must take into account the hyperfine structure of the mesic atom, the interaction of the
nucleus with the magnetic field b produced by the external sources and all the dipoles of the sample, and
the interaction of the quadrupole moment of theUnucleus"
with the gradients of the electron fields:

where

qg, a r e the gradients of the external crystal fields a t the

the mesic atom, and g,, is the quadrupole moment tens o r of the nucleus of the mesic atom. The constant
a,,, which corresponds to the contact interaction of the
spin s of the p- meson with the spin i of the nucleus,
must take into account the finite size of the nucleus,
and its value can be estimated a s

The values of Z>,a r e given, for example, in Refs. 4
and 9. Since the energy of the hyperfine splitting is
A c 2 1-lo3 eV, and the rates of the conversion transitions a r e of order lo5-10' sec-l, the total spin I = s + i
of the mesic atom can be regarded a s a
quantum number for both the upper state, I a,) = 1 Iumu), and
the lower state, / a L )= lILm,). (For p i >O, I u = i + h,
and for pi <O, I u = i - 9 . )
The interaction of the nucleus with the medium, which
results in nonconservation of & and leads to the conversion Auger transitions, can be described in the nonre.lativistic approximation, which is perfectly adequate
for light atoms, by the operator

where
Here, the sum must be taken over all electrons of the
atom and the conduction electrons. The nucleus can be
regarded a s a point, since the electrons of the outer
shells responsible for the transitions have a wavelength
o r orbit radius much greater than the diameter -10-l1
cm of the mesic atom. Following the standard Weisskopf-Wigner procedure, we can, a s in Ref. 5, show
that the spin density matrix of the nucleus satisfies the
equation

where the first term
on the right-hand side takes into account K capture, the
V. N. Gorelkin and L. P. Kotova
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decay of the p- meson, and the possibility of radiative
conversion transitions, whose probability R' for light
elements is negligibly small. The matrix elements of
the Hamiltonian H' include the diagonal (in I) part of the
perturbation operator (3) averaged over the states of
the electrons, which a r e described by the functions
I e) = 1 k, I,, j,, mj) (k is the electron wave vector, and
j e = l e + s,).

The last term on the right-hand side of (4) is an operator of Liouville type and describes the conversion
transitions:
&,a,

=

x-

(aL; I

1 a&

(e 1

Ge { el) (afl' 1

e, e', e

a;;).

In Eq. (12) and what follows, i is the imaginary unit,
and
1
re

r.(b ~ ) = 2 n ~ ( 4 P s ~ - ) ~ ~ ~ ( e r . . ~ - e . , , +l(k1'I
~ e ) -;Inl)Ia.
k

F o r transitions from the state with 1 = 0, ~ ~
and the coefficients in Eq. (12) have the form

(16)
~

= 0,1

1

(6)

Then

In Eqs. (6)-(8), Z and e a r e the quantum numbers describing the electron states 1 e) and I Z) before and after
the Auger transition, respectively, Z) =Ik, I,, j,, m,).
In (7) and (8), summation over the repeated indices a,
and a; i s understood.

I

It is assumed that the interaction between the shell
electrons is weak. Therefore, each shell makes an independent contribution to the conversion process. The
density matrix of the electron states factorizes in this
case into the density matrices of the nlj shells. The
single-electron density matrix can be specified by the
a n g d a r momenta of the shell. F o r our purposes, it
is sufficient to know n""=AV"'/N, the population,
g"$j= ~ ~ { p ' j & } / j the
, polarization, and

The magnetic hyperfine interaction makes the main
contribution to the rate of the conversion transitions.
Therefore, we ignore the contribution from the quadrupole interaction [the last t e r m in Eq. (3)]. In this case,
the operator (6) can be written a s

Here and in all that follows, the primed summatian
means that the summation is over the shells for which
the electron binding energy is less than A&:
rG1J-r^"6d- ( i )
+cn1jr$.
(12)

F o r transitions from the s shell to an s wave, the table
of y,,(O, 0)/4 values for a number of elements is given in
Refs. 4 and 5.
The tensor ra, can always be represented by a sum
of symmetric and antisymmetric components:

We recall that the largest contribution to the sum is
usually made by the lowest ns shell,4 and it is therefore helpful to express r"*0.1/2 and p*0*112
in terms of
the densities of the electrons with different spin projections $*,(0) $ and ( $, (0) /2 a t the nucleus:

1

Substituting (19) in (10) and noting that

.

~a,lrla~>=L4.L,.~pu=~,u~atilT,laL>(a,lT,laL,'),

(21)

we write down for the density matrix of the upper state
the equation

The-diagonal matrix element of the perturbatifn opera t o r V is included in the effective Harniltonian Hz,,
which now takes into account the contact and the orbital
Knight shift a s well a s the polarizability of the inner
shells:

For 1+0, the coefficients in Eq. (12) a r e
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qiy i s the tensor determined by the gradient of the
electric field a t the nucleus produced by the crystal
lattice and the quadrupole polarizability nti of the electron shells, Q, is the quadrupole moment of the nucleus of the mesic atom,lo*" and

a r e the Cartesian components of the quadrupole polarization tensor of the state with given I.
The operator (21), which describes the conversion,
can be written a s

In principle, the expressions (30) and (34) completely
describe the behavior of the spin of the p' meson with
allowance for the conversion Auger transitions.
3. We now discuss the physical consequences and
some experimental applications associated with the
possibility of changing the rate of the conversion Auger
transitions. In the ,uSR method, the experimentally
observed quantity is usually the time distribution of the
number of p'-decay electrons emitted in a definite
direction k:

a.

-=-

dt

Here and in what follows, the upper and lower signs
a r e taken for nyclei with magnetic moment pi >O and
pi <0, respectively, and R is the conversion rate without allowance f o r polarization. A table of R values for
a number of elements is given in [4].
In what follows, Eq. (22) will be solved for the case
when the system has a symmetry axis of higher than the
third order. The external magnetic field b is directed
along this symmetry axis (the Z axis). Then all the
operators in Eq. (22) a r e diagonal. Denoting r,
=(m 1 f ] m),we obtain

.pm,ms
.u (t)=^p:,m.

(0)expl- (i)~Lft
I,

(30)

T,

The constants A and a a r e associated with the characteristics of the detecting counters, and N is the number
of stoppings in the target. Thus, one measures n(t)
= nu(t) + d ( t ) and P(t) = Pu(t) + p ( t ) , where

As follows from (30) and (34), the population n(t) is
equal to

It is made up of exponentials with different arguments,
s o that a muon in matter does not have a lifetime in the
strict sense. F o r the upper state, the arguments of the
exponentials may differ by amounts of order R p o r Rn'
[see Eq. (28)], which f o r the light elements Be, B, "c,
"N, F, "Ne, '%g, and "Fe can be a few percent of
A".
If i t is difficult to separate from the decay curve the
exponentials with nearly equal arguments, an effect
can be detected by measuring the total probability of
p- decay:
-

The real part of the frequency corresponding to the
eigenvaiues of the Hamiltonian (23) is
Re 0~,.==-2~-b,b~,
(m-m')

AN [n(t)+akP ( t )1.

e'Q,q,,
+--43 I(2I-1)
(m"-m').

We now consider the evolution of the density matrix of
the lower state. In this case, Eq. (4) acquires the inhomogeneous term
(a,~~~~~+la~'>=r,,(a~~~,~a,>(o,l^pqa~>(a,')T~~a~'>

(33)

[see Eqs. (7) and (lo)], which describes the arrival
of particles in the lower state a s a result of the conversion. The expression (33) is a known function of the
time, since &(t) is determined by the relation (30). It
can be directly verified that the solution of (4) for the
lower state with the inhomogeneous t e r m (33) is
~ml^p"lm'>=^p~m~(0)exp[-(i)o~m.t]+~,<~~ml^T.~~~m">

X < ~ " I ~~(nO~)~ ' > ( Tm p" i' ~~ ~~ m l > f,~ ~ m " '

-

At low temperatures T 1-10°K and in external
fields b 10 kG, a paramagnetic center for semiconducting boron compounds may have
-0.01, and the
change in W ewill be of order
In compounds of the
and the
type LiF one can expect values n' -0.1 for "0,
contribution from the last two terms in (39) will be important.

-

There will be a particularly strong variation of W,

where
868

(34)

o r the probability of K capture: W, = 1- We. In (39),
we have retained the t e r m s up to those quadratic in
9" and n'. Note that the existence of a symmetry axis
is not required for the derivation of Eq. (39).
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when the value of R itself changes; a s can be seen from
(29), (13), (16), and (18), R is sensitive to the form of
the electron wave function. F o r the light elements
listed a t the s t a r t of this section, this means the wave
functions of the outer electrons. F o r this reason, the
conversion rate for these elements is sensitive to
changes associated, for example, with the entry of a
k-nucleon atom into a chemical compound. There is
a particularly strong change in R on ionization o r when
the k-nucleon atom enters in to a strongly ionic chemical bond, since the binding energy of the remaining
electrons of the ion is appreciably higher than in the
atom. F o r example, in h0,there should be no conversion a t all, since the energy released in an Auger
transitions is appreciably l e s s than the second ionization potential of the k-nucleonic 'Be*. It is convenient
to compare the probabilities of the processes in a target
of pure elements and the hydrides of the elements,
since even in the case of capture by H the meson will
be rapidly recaptured by the heavy element. In this
case, the change in the probability of K capture in, for
example, pure "B and its hydride, AW,= W,("B)
- WK(l1~Hs),will be of order 2036, while A w e = 0.536.
F o r Be and Be%, ~ W , = 2 1 %and AW,<IO" and for
'%g and 25MgH,we have AW, 10" and A w e 1%. In
graphite and methane with 13C, AW, 1%.

-

-

-

We now discuss effects associated with measurement
of the polarization. We begin the analysis by considering P,(t). As follows directly from the expressions (30)
and (34) for the density matrices, the polarizations of
the upper and lower states a r e
PIL ( t )= exp (- (A,+R) t )

-

2i+iT4ma

pZL( t )=PZL( 0 )e - " ~ ' r 2 R

",--rl.

1
(ml~,zlm)
*n'm
- 3n'
2i+ir2
(2i+lT1) ( 2 i + l r 2 )

-

where

]'

(41)

For the arbitrary values of the spini of the nucleus, the expression for the polarization is cumbersome. Therefore, a s an illustration, we give the formula for P, in
the simplest case i = + , which reflects qualitatively the
time dependence of the polarization for arbitrary nuclei:

In the expression (42) and all that follow, we take into
account only the terms linear in 8: and r'.

F o r times t >>(A, + R)-I and under the same restrictions a s in (43), the polarization can be expressed a s

It is meaningful to use the expression (43) when the
conversion rate is of the order of the p--meson lifetime. But if the conversion transition takes place during times shorter than the characteristic observation
time in the experiment, which is determined either by
the lifetime o r the resolution of the instrument (10"- 10-9
sec), i t is necessary to use the expression (44). In the
f i r s t case, one can observe a nontrivial time dependence
of the polarization. Even when c ( 0 ) =Pf(0) = 0 there
is a t short times a linear growth of the polarization
with t. An estimate shows that for ferromagnetic
substances like MnB and 57Fe o r the ferromagnet CrC$
the maximal value of the polarization is certainly
greater than lomS,and after the maximum a t t -R" an
exponential decay of the polarization a t rate AL commences. If a t the same time the lifetime of the 1-meson is short, it may be convenient to measure the time
average of the polarization,

for the measurement of which it i s not necessary to
bother about the time dependence, since i t is sufficient
to determine the number of decays in two directions for
known number of 1'-meson stoppings in the target.
If the relaxation of the spin of the nucleus of the knucleon atom leads to an appreciable change in the polarization during the @'-meson lifetime, this effect can
be taken into account by replacing A' in Eqs. (42)-(44)
by the sum Ax + r;', in which the relaxation time r,
must be calculated in the same way a s the time T, in
NMR theory. '*'*12

A general expression for the perpendicular, o r
oscillating, component of the polarization can, a s in the
case of (40) and (41) for P,(t), be readily obtained
directly from the expressions (30) and (34) for the density matrix, the complex form of expression P, =P,
+ iP, being convenient. However, there is no point in
writing out the cumbersome expression, since allowance for the electron polarization is important only in
the shift of the frequency (32), while in the amplitude of
the oscillations it leads to small corrections. With allowance for these remarks, the expression for P+(t)
can be written a s
(46)
2i+ir2
P+ ( t )=P+L ( 0 ) q L( t )+P+"(0)cpU(t)
+P+L'(0)Rf ( t ) ,
2if1

In the case of nuclei with arbitrary values i of the
spin, we can derive an expression for the polarization
taking into account only the terms linear in 8>,Pr(O),
and P4(0). If we restrict ourselves to time t <<
(A, + R)", for which
= t, then the total polarization
has the form

cz

As is shown by estimates,'=-l8 the probability of con869
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version (in unit time) may be of the order of the frequency of the oscillations resulting from the interaction
of the quadrupole moment of the nucleus of the mesic
atom with the gradients of the electric fields, and
therefore both these effects must be taken into account
at once for i >1/2. A detailed analysis of quadrupole
effects would go beyond the scope of the present paper;
we merely note that for the most frequently encountered nuclear spin i = 3/2 the polarization P,(t) can be
represented a s
,

P+ ( t )=exp (- (A,+R+ ( i )ou)t ) [ A cos (Bt+ql)

+B cos ( 8 t / 3 + v r ) ]+exp [- (AL+( i )o LtlC
) cos (Qt+qs),

(48)

in which, in the general case, the complex constants
A, B, C and the phases cp,, cp,, q, can be expressed in
terms of PY(0) and e ( 0 ) and all the remaining parameters of the problem Ax,R, b,, ,52 = 3/8e2~,q,,.
On the other hand, the part played by conversion i s
very important for understanding the "purely quadrupole" effects. For example, for b=O it significnatly
changes both the amplitude and the phase of oscillations
a t the same frequencies. For example, for Na in the
semiconducting compound Na,Sb or for C1 in the compounds CC1, and SiCl,, we can expect R >>A, A,, and
for t>>R" when o<<R

-

P+ ( t ) [ P + [ ( 0 )- P + ~ ( o l) e - " ~ 'cos ~ t ,

-

(49)

and when 52 >>R
P+ ( t )= [ P +(0)
~ - Z P + ~ ' ( O ) / S ~ cos
~ - "~ L t~ .

(50)

According to the estimate of Refs. 19-23, the relation
P t ( 0 ) <<PY(O)usually holds, and therefore the contribution to P+(t)from the initial polarization of the upper
state will be predominant, and the amplitude of the
oscillations will be determined by the ratio x = 52/
(R + A, AL). Sometimes, 0 may depend appreciably
on the temperature, and at phase-transition points
very strongly, s o that the amplitude of the oscillations
will also change appreciably.

-

We now consider a different case when the dominant
role is played by precession in a magnetic field, and the
quadrupole effects can be ignored. This means that the
precession frequency is much higher than the quadrupole
frequencies of the oscillations, and the energy levels
a r e equidistant. The functions cpX(t)andf ( t ) ,whichdetermine the precession in accordance with Eq. (47), take
the form
qL'(t)=exp[-,\'+R+(i)
oL)t],
q L( t )=exp [- (AL+( i )o L ) t ] ,
f ( t )= ( q L( t )- q L ( t ) ) [AU+R-A'+ ( i ) (aL'-oL)
I-'.

(51)

If the field causing the precession is set equal to zero,
then (46) with # and f from (51) goes over into the expression obtained in Ref. 19. For Z >11 the conversion
rate satisfies R >A', and it is therefore convenient to
write down (46) for t >>R":

As can be seen from (52), the precession amplitude depends on the frequency. This effect must be manifested
870
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particularly strongly in the metals Na, K, and Al, in
which there a r e no quadrupole effects because of the
cubic symmetry. For example, in A1 the conversion
rate i s R = 4.1 X 10' and i = 5/2, and therefore the influence of a magnetic field on the amplitude will be important for 1 kG, when the precession frequency i s
oL>lo7 sec". The same effect will occur in compounds of these elements of the NaCl type with cubic
lattice. The impurity that is formed will simulate an
atom of an inert gas at a lattice site. Note that in the
case of capture by a halogen atom the situation i s entirely different because of the formation of a paramagnetic center and distortion due to the Jahn-Teller
effect. A similar situation must obtain in ionic compounds of elements of the groups 11-VI. Formation of
a paramagnetic center with an As atom in ZnSe was observed in Ref. 24 by the double ESR method. The rapid
depolarization on the capture of a p' meson by 0 in
MgO and ZnO, also noted in Ref. 25, obviously indicates
the formation of a paramagnetic center. If the r," of
the acceptor paramagnetic center is not large compared with w,, , one must observe a paramagnetic shift
of the precession frequency of order 206Aws,/T, where
fiw,, -0. 1°K. Thus, even at high T lOS0Kthe frequency
shift will be of order 2%. By raising the temperature,
one can decrease the relaxation rate of the @--meson
spin, and precession will be observed in both MgO and
ZnO at T 1000°K.

-

-

In ZnO, it is interesting to investigate precession
when an ion is captured by a Zn atom. If the k-nucleon
ion pcu+ i s in the same state a s the ordinary impurity
ion Cu*, then the hyperfine coupling will be noticeable
at low temperatures T 10°K. The results of an experiment can be compared with the analogous measurements of the ESR method.

-

For d metals, such measurements give information
about the Knight shift at the impurity, which reaches
1%. For example, the Knight shift at V in Cr i s 0.57%
according to the NMR data of Ref. 29, and at Ni in
Cu the shift is 1.28%. '' In metals, in particular in Cu,
measurement of the frequency shift and the damping
rate of the polarization a s functions of the temperature
gives information about the exchange integral and,
thus, about the Kondo temperature. In addition, in Cu
one can expect different effects associated with the unfilled d shell of the p-nucleon 'Ni at both low and high
temperatures.
In magnetically ordered systems o r for paramagnetic
centers a t low T 5 bp,, the polarization of the electron
shells is such that the effective field at the nucleus
reaches 10,-10, kG and the observation of precession
becomes impossible. However, one can observe precession in the case of capture by a diamagnetic ion in a
magnetically ordered compound provided the impurity
that i s formed is also diamagnetic. The diamagnetic
shell is then polarized and one must observe a shift of
the precession frequency similar to the paramagnetic
shift observed in MnO. 28
Evidence for appreciable polarizability in antiferromagnets with diamagnetic shell can be seen in the complete depolarization of the muon in Fe20,,25 whereas in
V. N. Gorelkin and L. P. Kotova
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the chemically analogous paramagnetic M%O,, Co,O,,
and NhO, there is an appreciable residual polarization.
A similar situation obtains in ferromagnets. For example, a t the B nucleus in MnB there is in accordance
with the N M R data of Ref. 6 a field be,, = 23.7 kG, and
a t Mn in Fe a field be,, = 227 kG, s o that in them there
is no real possibility of observing precession. In these
substances, one can directly measure the polarizability
of the outer electron shells by observing the component
of the muon spin polarization parallel to an external
magnetic field. The time dependence and mean value of
the longitudinal polarization a r e given by Eqs. (40)-(45)
which contain, not the total field a t the nucleus determined by the NMR method, but the polarizability of the
shells from which an Auger transition is possible. As
yet, no experiment has been made to measure the polarization of a F - meson induced by conversion transitions in a magnetized ferromagnet, though such experiments could give information about the exchange forces
in magnetically ordered systems that is currently inaccessible by other methods.
There is no doubt that the examples listed here do not
cover all the possibilities opened up by the use of negative muons in investigations in different fields of physics
and chemistry. We have here discussed the experimental possibilities whose realization requires virtually no
modifications in the standard experimental method.
The undoubted possibilities a r e much greater, and they
will come to the fore a s the new method of investigation
is developed.

'v.

S. Evseev, in: Muon Physics, Vol. 3 (1975). p. 235.
Hyperfine Interactions 6. 347 (1979).
'v. L. Telegdi, Phys. Rev. Lett. 3, 59 (1959).
'R. Winston, Phys. Rev. 129, 2766 (1963).
5 ~ N
. . Gorelkin, Yad. Fiz. 26, 367 (1977) h v . J. Nucl. Phys.
26, 192 (197711.
6 ~ A.
. Turov and M. P. Petrov, yadernyi magnitnyi rezonans v
ferro- and antiferromagnetikakh (Nuclear Magnetic Resonance in Ferromagnets and Antiferromagnets). Nauka, Moscow (1969). pp. 108, 184-209 [Wiley, 19721.
'A. Abragam and B. Bleaney, Electron Paramagnetic Resonance of Transition Ions, Clarendon Press, Oxford (1970)
[The reference i s to p. 141 in Vol. 2 of the two-volume Russian translation, Mir, Moscow (1973)l.
8 ~ T.
. Porter and M. S. Freedman, Phys. Rev. C 3, 2285
(1971).
9 ~ 0
. .waysenberg, Myu-mezony, Nauka, Moscow (1964).
pp. 192-197; English translation: Muons, Amsterdam
(1967).
2 ~ Nagamine,
.

871

Sov. Phys. JETP 53(5), May 1981

G. ~ a r ~ s h e v s k i yYadernaya
,
optika polyarizovannykh
s r e d (Nuclear Optics of Polarized Media), Izd. BGU, Minsk
(1976). p. 138.
"v. G. Bsryshevskii and S. A. Kuten', Zh. m p . Teor. Fiz.
73, 2030 (1977) [Sov. Phys. J E T P 46, 1063 (1977)l.
"5. Winter, Magnetic Resonance in Metals. Clarendon Press,
dxford (1971) [the Reference i s to p. 67 of the Russian translation published by Mir, Moscow (1976)l.
13v.S. Grechishkin, Yadernye kvadrupol' nye ~zaimodeystvi~a
v tverdykh telakh (Nuclear Quadrupole Interactions in Solids),
Nauka, Moscow (1973). p. 169.
"T. J. Rowland, Nuclear Magnetic Resonance in Metals, Pergamon Press, Oxford (1961) [Russian translation published
by Metallurgiya, Moscow (1964)l.
151. P. Biryukov, M. G. Voronkov, and I. A. Safin. Tablitsy
chastot yadernogo kvadrupol' nogo rezonansa (Tables of Nuclear Quadrupole Resonance Frequencies), Khimiya, Moscow (1968).
16Et. E. Watson and A. J. Freeman, in: Hyperfine Interactions
(eds. A. J. Freeman and R. B. Frankel), Academic Press,
New York (1967), p. 53 [Russian translation published by
Mir, Moscow (197!)1.
"v. G. Baryshevskii and S. A; ~ u t e n,' in: Fizika atomnogo
yadra. Materialy XI11 zimnei shkoly LIYaF (Nuclear Physics. Proc. 13th Winter School a t the Leningrad Institute of
Nuclear Physics) (1978), pp. 95-114.
"v. N. Gorelkin and L; P. Kotova, in: Fizika atomnogo yadra.
Materialy XIII zimnei shkoly LIYaF (Nuclear Physics. Proc.
13th Winter School at the Leningrad Institute of Nuclear
Physics) (1978). pp. 115-140.
"A. P. Bukhvostov, Yad. Fiz. 9, 107 (1969) [&v. J. Nucl. Phys.
9, 65 (1969)l.
2 0 ~ . M. Shmushkevich, Zh. Eksp. Teor. Fiz. 36, 953 (1959)
h v . Phys. J E T P 9, 673 (1959)l.
2 1 ~ . A. Dzhrabashyan, Zh. Eksp. Teor. Fiz. 36, 277 (1959)
[Sov. Phys. J E T P 9, 188 (1959)l.
2 2 ~ .Favort, F. Brouillard, L. Grenacs, P. Igo-Kemenes, P.
Lipnik, and P. C. Macq, Phys. Rev. Lett. 25, 1348 (1970).
2 S ~ .I. Babaev, V. S. Evseev, G. G. Myasishcheva, Yu. V.
Obukhov, V. S. Roganov, and V. A. Chernogorova, Yad. Fiz.
10, 964 (1969) [Sov. J. Nucl. Phys. 10, 554 (197O)l.
2 4 ~ K.
. Watts, W. C. HoltOll, and M. de Wit, Phys. Rev. B 3,
404 (1971).
2 5 ~ .S. Evseev, M. G. Voronkov, V. S. Roganov, and M. V.
Frontas'eva, Preprint R14-10960 [in Russian], JINR, Dubna;
in: Mezony v veshchestve (Mesons in Matter), Dl, 14-10908
(1977). p. 322.
2 6 ~ K.
. Wertheim, A. Hausmann, and W. Sander, Electronic
Structure of point Defects aa Determined by H6ssbauer
S p e c t r o s c o ~and by Spin Resonance, North-Holland, Amsterdam (1971) [the reference i s to p. 143 of the Russian
translation published by Atomizdat, Moscow (1977)l.
2 7 ~ .Dvorin and A. Narath, Phys, Rev. Lett. 25, 1287 (1970).
2 8 ~ .Nagamiya, K. Nagamine, 0.Hashimoto, and T. Yamazaki,
Phys. Rev. Lett. 35, 308 (1975).
2 9 ~ Narath,
.
in: Hyperfine Interactions (eds. A. J. Freeman
.
and R. B, Frankel), Academic Press, New York (1967).
p. 287 [Russian translation published by Mir, Moscow (197011.
'OV.

Translated by Julian B. Barbour

V. N. Gorelkin and L. P. Kotwa

871

