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Abstract _ ,
The principle of the muon spin rotation method .is described with emphasis
on possible applications to solid-statenstudies. Some experimental results of
negative muon spin rotation experiments at Lawrence Berkeley Laboratory are
given: g factor measurements in diamagnetic metals and relaxation phenomena in

transition metals.

1. Introduction
The muon, which is produced in the decay of the pion, has full polarization

in the pion rest frame because of the parity violationi.\
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where arrow + means helicity + 1. The muon itself decays in the following way:
u+ -+ e+ +v +v
. e H
g o+e +v_ +v
. e u . ,
and again because of the parity violation the decay electron shows asymmetry

with respect to the muon spin (and thus to the muon direction):

W(e) =1+ A cos 8 - : @

The energy averaged'coefficientfx is £ 1 P for p ’ respectively. In the preséf

-3
ence of a transverse magnetic field the muon spin precesses and the angular

. asymmetry is perturbed in such a way that

W(6,t) = 1 + A cos (e-th) _ . (2)
where _ ' v _
.wL'= - 8 ek 01 , . . (3)



Such a time differential experiment yields information on the magnetic ;
field at the muon, and this method can be called uSR (muon spin rotation, : j
relaxation, resonance, etc.) corresponding to NMR or ESR. ;

The first such experiment was done in 1957 by Garwin et al. [1l] to show T
the parity violation in muon decay, and within a few subsequent years novel :
techniques of precise determination of w namely, stroboscopy [2], digitiza- :
tion, and even the magnetic resonance [3] in connection with a longitudinal : <
field, were developed. It is rather surprising that the pSR method and the
field of "radiative detection of hyperfine interactions" have undergone quite -
the independent developments. In spite of obvious applicabilities of uSR to
solid-state studies, only a few experimeﬁts have been done until recently.
For the past few years, however, new activities in the field of uSR, especially
u+SR, have grown up and already some'review articles for both u+SR and u SR are ;
available [4,5]. o » §

The University of Tokyo group has just started u SR experiments in
collaboration with the u+SR group at Lawrence Berkeley Laboratory in order to
explore possibilities to apply to solid-state studies. In the present talk ' i
we will give brief sketches of the problems in the uSR method and some prelim- :
inary results mainly in u-SR. \

2. Principle _

' Table 1 summarizes characteristic features of both u+SR and ufSR. The

following are short comments on each item. ,
2.1 Spin o %
The muon has spin of 1/2, and thus detects only magnetic intefactions; '

This is true not only for u+, but also for u bound to a spinless nucleus.. ' Vy

2.2 g Factor and Larmor Frequency

_ : o
The g factor of the positive muon, which is referred to as gﬁree, is well S

- known [6]. It is

free _ {2.0022 in units of the muon magneton (4a) —é
U 17.780 1in units of the nuclear magneton. (4b) :

The Larmor frequency is

free = wu v
fu o 13.554 kHz/Gauss. : | (5)



The g factor of the negative muon which is bound to a spinless nucleus
(hereafter we consider only I = O cases) is reduced due to the relativistic
correction, but at most by 3-4 percent even for heavy nuclei. This problem will
be described in Section 4. In any case, the muon g factor is about 20 times
greater than those of typical nuclear magnetic probes. This simply indicates
that T2 due to any field broadening becomes shorter by a factof of 20 and that
T1 due to time dependent field becomes shorter by a factor of 400.

2.3. Polarization and Asymmetry

It is believed that there is no depolarization in the stopping stage of

muons because the Coulomb interaction is dominant. Thus the positive muon has
full initial polarization. On the other hand, the negative muon forms a muonic
atom, in which a large depolarization due to the spin orbit coupling takes
place [7] and thus the resultant polarization at the 1ls ground state is around
1/6. This estimate is based on various assumptions on the capture stage of the
muon. (This depolarization may depend on the atomic number Z, because the’
population of £ at the capture stage depends on Z and does not seem to follow
the statistical distribution [8]) Since the earlier stage of.the muonic cascade
causes Auger excitations of atomic electrons, there could be further depolariza-
~ tion if such atomic excitations are not recovered quickly enough. In metals
there should be né such depolarization, and even in insulators like sulphur
the polarization is often preserved. This problem is open to further investi-
gation.

2.4, Lifetime and electron vield

The lifetime determines the natural time window for the hyperfine phénomena.

While the positive muon has a free mean life of 2.2 usec, the bound muon has a
-shorter lifetime because of the competing decay branch for muon capture. In
lightest elements it is still around 2 usec and dropé down rapidly with in-
crease of Z and reaches around 80 usec for Z R 40 as shown in Fig. 1. This
also means a very small electron yield compared to the positive muon. The
precision due to statistics is {61,

| L 2 | C®
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and thus precision measurements become very difficult for E > 20,

2.5. Location and Size

The positive muon behaves like a proton. It sometimes forms a bound state

with an electron (so~called muonium). Its location is interstitial and spread



over a wide region, even hopping over different interstitial sites by thermal
diffusion. This is a very interesting and important characteristic of u+SR.
' The negative muon is trapped by a nucleus of charge Ze at a site. It
forms a dilute impurity atom because the muonic atom looks a pseudo nucleus of
charge (Z-l)e when viewed from atomic electrons. However, the charge distribu-
tion of the muonic atom is different from that of the nucleus of charge (Z-1)e,
as shown in Fig. 2. Furthermore, its magnetization distributes over the muon
density |Wu(r)|2. : .
The spatial density of the bound muon is, for a point nucleus of charge Ze,
v, 1% 2 -,é:g e"2r/3, | ) -
where the muon Bohr radius is

- 250 g | (8)

au 7
which is‘appreciably greater than the nuclear radius Ro' It is even an under-
estimate because of the finite size. Thus, the muonic atom has a charge
distribution considerably different from those of the nucleus of charge (Z-1)e,

and a large hyperfine anomaly [9] may be expected.

2.6. Scaling law ‘
"~ In the absence of hyperfine anomaly the following relations hold:

(w/g) ' ' :
Fl = — )muon > 1 ‘ . (9)
g nucleus :
(gZTlf)—lmuon -
F2 = : > 1 : _ 10)

(nglT)_lnucleus

Namely, the relaxation rate for the bound muon is 400 times greater than the

typical nuclear spin relaxation rate. The muon is thus very sensitive to the
. ) \Y;

fluctuation of the hyperfine field and could perhaps be too sensitive to detect

any observable asymmetry in some cases.

3. Instrumentation
The experimental set up of 1 SR experiments at LBL is shown in Fig. 3.

We used a 9 inch Varian magnet of 3 inch gap and applied magnetic field up to

10 kGauss over a typical target dimension of 2" x 3". The counter telescope

system is a conventional bhe. We employed the fast logics as follows:
"stopped u'' = B:MeSle (S2X + Al + A2) (1)
"decay e'" = S2X+S2-E-S3. (B + M + S1 + Al + A2) . (12)




The time iﬁterﬁal between a stopped muon and a decay electron was measured
by means of a digital counter to a precision of 0.1 nsec and this counter was
connected to a PDP-15 computer. The overall time resolution was Q.S nsec. The
stopped muon rate in the target was aBout 5 x 103 sec_l. It was essential to
minimize the accidental coincidence rate associated with the u~e time distribu~
tion, because it increases not only flat background but also background of a
characteristic frequency Qf the microscopic burst of the beam. To this end the
stopped muon signal and the decay electron signal have to be genuine. The
anticoincidences in the above logics turned out to be essentially important.
Nevertheless, the time distribution for heavy elements involved considerable
background. In addition, it generally involves background of 2 usec mean iife
due to theicarbon in the neighboring plastic counters. | ‘

Figure 4 shows a typical time distribution for a Mo targef; It is difficult
for an eye to tell the Larmor frequency in it because of the small amplitude and
high frequency. Fig. 5 shows a x2 fitting of the time distribution to an
appropriate function involvipg the Larmor frequency as a parameter in the case
of a graphite target. Despite the small amplitude it is thus easy to determine
the frequency for light elements. However, for heavy elements it becomes
difficult because of the shorter lifetime and smaller yield. An example for

Zn metal is shown in Fig. 6.

4. G'Factoré of Bound Muons |
_ In 1928; following the Dirac theory of the electron, Breit[10] predicted
the following change of the g factor of the electron in a K shell due to its

relativistic motion:
Sg . _1 2
g 3 @z)". 13)

While this effect was not examined in ordinary atoms because of the lack
of techniques to measure the g factors of deeply bound electrons, it is
straightforward to study this effect in the ground states of muonic atoms which
consisf of one muon in t:he‘sl/2 state and a zero-spin nucleus. The first
- observation of the Breit effect was done in 1961 by Hutchinson et al.[11l] who
determined the g factors of the boﬁnd muons in light elements up to Z = 16. |
Their values agreed well with the estimate of Breit.. At the same time Ford
et al.[12]'made a comprehensive calculation of all the possible effects on the
_bound—muop g faqtors} The largest is the binding correction due to the Breit

effect, which, however, shows considerable deviation from the point nucleus



estimate (13) of Brelt starting around Z = 16, because of the finite nuclear size.
It was obviously interesting and also important to extend such measurements to
heavier nuclei, where greater effects were expected, but it became exceedingly
difficult to determine the g factors precisely because of the shorter lifetimes
and the smaller yields of decay electrons. Experiments on the diamagnetic metals
of Zn, Cd and Pb wefe performed for this purpose [13]. Already Ignatenko et al.
[14] observed spin precessions in these metals but obtained no accurate
precession frequencies.

Possible corrections on the effective field at the‘bound nuon are for the
Knight shift and the diamagnetic shielding. After these corrections the final
experimental values are plotted and compared with the thepretical values-of
Ford et al. in Fig. 7. This experiment supports the finite size calculation of
Ford et al.

5. Relaxation Phenomena in Transition Metals »

The earlier work by the Dubna group [15] showed absence of the asymmetry
for transitidn metals of Cr, Mo and Pd. They ascribed this fact to relaxation
due to the paramagnetism. Since the Dubna experiment was to detect the |
asymmetry only for the free muon frequency, their results would indicate either
that the relaxation time should be shorter than 100 nsec or that the frequency
is shifted considerably. In any case, this fact seems to be surprising in view
of the known nuclear spin relaxation times and Knight shifts [16-19]. 1f we

convert (TlT) into (TlT)muon according to the relation (10), we expect

nucleus
(TlT)u--Mo = 4,2 msec * deg. . . (14)
The Dubna result would indicate F2m100! In order to investigate this
surprising problem we performed time differential measurements on Mo metal at
two temperatures (18 and 300 k) [20]. Fig. 8 shows x2 fitting, where almost
free frequency is clearly revealed both at T = 18 and 300 K. The Knight‘shift

for u Mo turned out to be small:
K(u Mo) = 0.9 + 1.5% _, (15)

which agrees with that for Nb in Mo [17]. Our result is thus in disagreement
with the Dubna result and shows that u Mo may not be so different from the Nb
probe. However, the small value of K(u Mo) does not exclude a large F2, since
the Knight shift in Mo metal consists of three small contributions of different

signs (Ks: positive, due to 5s contact electron; Kd: negative, due to core

v



polarization by 4d electron, and K b’ positive, due to orbital field of 4d
electron). On the other hand, the large negative Knight shift observed for Rh
in Pd metal by Rao et al.[18] is mostly due to the core polarization. There-

fore, p Pd would be a nice case where a hyperfine anomaly associated with the

~ inner shell core polarization [21] can be observed.

We tried to measure p Pd precession at 30 K and 4.2 K, but this did not
show any distinct dip in the xg plot. This seems to be strange, because, if
one extrapolates and eonverts theoknown T1 at 4.2 K for Rh in Pd {19] into our
case, one expects_Tl(u_Pd) at 4.2 X to be 16 usec. The present result may infer
following possibilities: 1) a large hyperfine anomaly (enhanced) for the static
shift and/or for the relaxation process.and 2) deﬁolarizatibn takes place dur-
ing the processes of slowing down, capture or cascade.

We tried'to.ﬁeasure 1 SR in the paramagnetic Ni metal with a hope to find
paramagnetic Knight shifts andito study critical fluctuation phenomena and |
also to measure the internal field in its ferromagnetic phase. However, so far
no signal has been found at T = 700 and 910 K (the TCvof Ni is 631 K). One can

deduce the correlation time Tc from the relation

1 _ .2 S+1 ‘ ,
"1"2 20pf TS (16)

by assuming that whf is the same as that for Co in ferromagnetic Ni (th = 120 kG).
The correlation times thus obtained are ~ 5 x 10 ~4 sec, The correlation times
deduced from the PAC in RhNi by Gottlieb and Hohenemser [22] are piotted in

Fig; 9. Extrapolation of the latter data to higher temperatures would give
much shorter Tos but in this high temperature region the correlation tiT§4is
believed to reach a limiting value set by the exchange interaction 10 sec) .
Therefore, our data are not inconsistent with the RhNi data, and possibility to
observe y Ni precession looks just marginai. This discussion will give some
idea about the limitation of the 1 SR method; namely, it is difficult to handle
internal field more than 100 kG. -

In connection with this study the Tokyo—LBL collaboration group studied

u+ spin relaxation in paramagnetic Ni [23]. Assuming that the hyperfine field
at u+ observed in ferromagnetic Ni, which is only -0.66 kG [24], is respohsible
for the relaxation, one expects relaxation times ionger than a few usec, but
very fast relaxation was observed even at high temperatures. This simply in~
dicated that the u in paramagnetic Ni should feel a much stronger field

fluctuation. One candidate is the dipolar field from neighboring Ni, which



' L+
does not appear in the ordered phase because of the cubic symmetry of the u
site in Ni, but now contributes additively at high temperatures because of

random orientations of the spins. At intermediate temperatures the field may

be reduced because of the possible collective motion. However, the observed
relaxation rates are even much shorter than expected for such random dipolar - S
interactions [25], 1if one uses the T, derived from PAC in Rh-Ni by Gottlieb and

Hohenemser. This is a very interesting problem.

6. Possible other problems .
6.1 Light elements.
In contrast to heavy elements, studies of light elements, such as C and O, '
are rather eésy from the view point of counting statistics. In addition to the
easiness, the situation that the carbon and oxygen elements aré very difficult
to study by the conventional NMR method is even encouraging. Depolarization
phenomena in organic substances have been studied by the Dubna group [5]. We
are trying to study oxides of transition elements. Here, the largest froblem
is whether such compound (mostly insulators) can preserve the initial polariza-
tion or not, because the quenching may take place slowly. In such cases, the
magnetic resonance method will be superior, as a longitudinal field may help
holding the bdlarization. Another problem is ﬁossible quick damping of the
asymmetry due to the dipolar field broadening. Although u 0 is not troubled by
ény.quadrupole field, it may well have a considerable field broadening when
located in a non-cubic site. Therefore, use of a single crystal is most desirable.

6.2. Semiconductors

For instance, u Si is a very nice dilute acceptor in a Si crystal. At room
temperatures, both p type and n type Si crystals showed a full precession of free
frequency. At low temperatures we expect that the acceptdr, u Si, will trap a .
hole to form a hydrogen-like bound'state, and show a quite.different frequency Q
spectrum corresponding to a modified Breit-Rabi energy scheme. '

6.3, Weak ferromagnetism

Probably u SR is most suited to studies of weak ferromagnetism. One can

_study, for instance, the internal fields at Zn and Zr in Zanz, Such a project
is also under way. _ ' '

At the moment our experiments are troubled by a low beam polarization and !
high electrdn background at the u channel. We are very confident that the future

 facilities at meson factories which are coming up now will be very powerful for



performing uSR physics. We would like to persuade solid-state physicists to
come into this field. _
We would like to thank Professors K. M., Crowe and O. Chamberlain for the

pleasant collaboration and hospitality at Lawrence Berkeley Laboratory.
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Table I.

12

Characteristic features of u+SR and u‘SR

+ - !
H H
Spin 1/2 1/2, when bound to I = 0
nucleus
g factor 2.002 in uu a little smaller
Polarization 100% v 187%
Asymmetry 1+ 0.33 cos® 1+ 0.06 cosf
Lifetime _ 2.2 usec 2.2 usec V80 nsec with Z
Electron yield 100% 100% 4% with Z
Location interstitial at nucleus
Size diffusing N -g-g-(-)- fm
Character ‘1light proton pseudo nucleus of (Z-1)e
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

q

Fig. 8.

Fig. 9.

Mean lifetimes and decay electron branches of the muonvic‘lsll2 state
versus the atomic number 2 of the nucleus to which the negative

muon is bound.

Charge distribution of the muonic atom u Z, as compared with that of

an equivalent nucleus of charge (Z-1)e.

Experimental setﬁp for u;SR at the 184" cyclotron of Laﬁrénce,Berkeléy
LaBofatory. ‘A1l the counters wefe plastic scintillators connected to
RCA 8575 phototubes through photoguides. These codnters were placed
between. two pole pieces of the 9-inch Varian magnet>with its gap of

7.6 cm. The Al and A2 counters (3 mm thick) were fixed to the surfaces

of the pole pieces in order to eliminate the background from the iron cores.
TYpiCal time distribution of p_e decay invMo..

x2 versﬁs the Larmor'freqﬁéncy for 1 C (graphite)

x2 versus the Larmor frequency for u_Zn (metal).

Relativistic effect (or binding effect) on the g factor of bpund muons.
The dotted curve shows the relativistic correction for a point nucleus[10].
The solid curve shows the calculated values by Ford et al. [12] where

the finite size effect of the nucleus is taken into account. The differ-
ence between the solid and broken curves is the nUélear polarization

effect calculated by Ford et al. The experimental data after the

" corrections for the Knight shift and diamagnetism are plotted.

x2 versus the Larmor frequency for u Mo (metal at 18 and 300 K).

Cdrrelation_times in paramagnetic Ni as deduced from PAC in Rh-Ni By
Gottlieb and Hohememser. [22] Two lower limits set by u Ni are given.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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