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The polarization, precession frequency, and spin relaxation rate are determined for positive muons in 
magnetized iron, cobalt, and nickel specimens in transverse external magnetic fields up to 1900 Oe. 
The magnetic fields inducing precession of positive muons in ferromagnetic substances are discussed. 

The precession of positive muons in ferromagnets is 
of twofold interest: First, it can provide information 
about the properties of the metal-hydrogen system, since 
the positive muon can be regarded as a light hydrogen 
isotope; and second, the muon method supplements other 
methods for investigating the magnetic properties of 
ferromagnets. Methodologically, the muon method is con
venient because of its simplicity and because it can be 
used to study different specimens under quite identical 
conditions. 

We have investigated the precession of positive muons 
in iron, cobalt, and nickel specimens at room temperature 
in external magnetic fields H up to 1900 Oe. The mag
netic field was produced in the 180 mm gap between the 
220 mm diameter pole pieces of an iron-encased elec
tromagnet; it was uniform within 2% at distances up to 
100 mm from the center of the gap. The targets were 
oblate spheroids 60 mm in diameter and 10 mm thick 
made of at least 99% pure polycrystalline iron, cobalt, 
and nickel. 

The experimental setup is diagramed in Fig. 1. The 
beam of longitudinally polarized positive muons from 
the synchrocyclotron of the Joint Institute for Nuclear 
Research was stopped in the target T of the investigated 
ferromagnetic material. A 1234 signal (counters, 1, 2, 
and 3 in coincidence and 4 in anticoincidence) indicated 
that a muon stopped in the target, and a 4563 signal re
corded the escape of a positron from Il + - e + decay. 
The muon spin precession was observed in a standard 
manner [ll 

Figure 2 shows an example of the precession of a 
positive muon in nickel in an external field H = 750 Oe. 
As the figure shows, the muon precession amplitude a 
in nickel decreases with time, Le., the muon becomes 
depolarized. In all cases the precession amplitude de
cayed according to the exponential law a(t) = ace-At. The 
polarization P of the positive muon in the ferromagnet 
was determined from the precession amplitude a using 
the formula P=a/acu, where acu=0.320±0.01O is the 
precession amplitude of positive muons in a copper 
target of the same shape and size as the ferromagnetic 
target. 

The principal experimental results are presented in 
the table. The polarization Po given in the table is the 
polarization of the positive muon at the initial instant 
t=O, defined by the relation Po=ac/acu. From the ob
served muon Larmor precession frequency w we can 
evaluate the magnetic field Bil at the muon in the ferro
magnet: Bil = mcw/e, where m is the muon mass. We 
may compare the B Il values found in this way with the 
field Bsph = (4/3)1TMsat = (l/3)Bsat at the center of a 
sphere of uniformly magnetized ferromagnetic material 
(here Msat and Bsat are the saturation magnetization 
and induction, respectively). The values H = 0 given in 
the table are nominal, since the residual field of the 
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FIG. 1.·Experimental setup: 
T -ferromagnetic target, P-magnet 
poJepiece, 1·6-scintiIIation counters. 
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FIG. 2. Precession of a positive meson in nickel in an external 
field H of 750 Oe (N is the number of counts per channel). The curve 
was calculated for the following parameter values (obtained by a least
squares fit): precession amplitude a = 0.310 ± 0.030, precession fre
quency W = 124.5 ± 0.7 MHz, precession damping rate A = 8.5 ± 0.8 
f.lSec-1. The corresponding parameters for a similar target of copper at 
H = 1900 Oe are acu = 0.320 ± 0.0 I 0, wCu = 165.2 ± 0.1 MHz, and 
ACU = 0.22 ± 0.10 f.lSec-1. 

electromagnet was compensated only in the absence of 
the target and with an accuracy oH < 0.5 Oe. 

The following conclusions concerning the precession 
of positive muons in iron, cobalt, and nickel can be drawn 
from the data in the table: 

1) The polarization Po of the stopped positive muon 
is close to unity in nickel and smaller than unity in co
balt and iron; it increases somewhat as the external field 
is increased from zero to 1900 Oe. 

2) The spin of the muon becomes depolarized; the de
polarization rate A depends on H and is not the same in 
iron, cobalt, and nickel. 

3) The spin precession frequency w of a positive muon 
in a ferromagnet is substantially lower than the Larmor 
precession frequency in the saturation field Bsat, or even 
in the field Bsph = (1/3)Bsat. 

4) The precession frequency w for a positive muon 
in iron is independent of the external field over the 
range from zero to 1900 Oe, and in nickel w appears to 
depend on H only when H~700 Oe. 
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Spin Precession Parameters for Positive Muons in Iron, Cobalt, and Nickel 

Metal I I1,Oe Po 

I 

{ 0 O,66±O,O3 2,!I±il,3 

I 
2UR,"±O,3 3W4±3 

Fe 750 U.72±O.03 3A±O,3 2!1KG±O,3 3506±3 21:;00 
lUOO O.7H±n.OH /l.;)±O .• ) 2%.9±O,5 3486±6 

Co U O,H2±O.G:l Z5.j±RO 73.1±7,O H;,S±OO 17600 

{ 0 O.RH±O.O(i H.:l±O.9 I 113.7±O.9 1134±to 
l\i 730 O.97±U.09 H.:i±O.H 124.5±O.7 1462±8 GlOO 

IUOO 1.0;'±O.C6 (Vl±O.5 22'l.O±O.5 2637±6 

The precession of the muon in the ferromagnet is de
termined by the local magnetic field B /1, which can be 
expressed as the sum of five different fields: a) the 
dipole field Bn due to the magnetic moments of the lat
tice atoms nearest to the muon; b) the field Bsph at the 
center of a small sphere of the polarized ferromagnetic 
material (Bsph is the resultant field of all the distant 
magnetic moments); c) the contact field [2J Bc 
=(16/3)1TflPe l>l1(0)1 2 of the polarized conduction elec
trons at the positive muon (here fl is the magnetic 
moment of an electron, Pe is the polarization of the 
conduction electrons, and 1 >l1(0) 12 is the electron den
sity at the positive muon); d) the demagnetizing field 
Bd, which depends on the shape of the ferromagnetic 
target; and e) the external field H. 

The demagnetizing field Bd for an oblate spheroid 
in an external field H parallel to its equatorial plane is 
small. The demagnetizing factor for the spheroidal 
targets used in our experiments is 0.12. 

For the field due to the distant magnetic moments we 
have Bsph=(4/3)1TM, and if the target is completely po
larized, Bsph = (4/3)1TMsat = (1/3)Bsat. 

The dipole field Bn depends on where the muon lies 
in the unit cell. The simplest case is that of nickel (fcc), 
in which Bn = O. This result is based on the assumption 
that a positive muon in nickel lies in an octapore, as 
does a hydrogen ion[3J. In this case Bn = 0 regardless of 
the orientation of the unit-cell axes with respect to the 
external field H, Le., regardless of the orientation of the 
individual crystals composing the polycrystalline speci
men. In the iron lattice, Bn is of the order of 10 kG, 
both in the octapore and in the tetrapore. In iron, Bn 
depends substantially on the directions of the unit-cell 
axes as well as on the disposition of the octapores and 
tetrapores with respect to the unit cell concerned. In 
cobalt, Bn is also large and depends substantially on 
the orientation of the unit-cell axes. 

The contact field Bc is determined by the polariza
tion Pe of the conduction electrons and the squared 
modulus 1>l1(0)1 2 of the electron wave function at the 
positive muon. To estimate 1>l1 (OW we used the results 
of Pathak [4J, who calculated the denSity of an electron 
gas at a charged inclusion (in our case the inclusion is 
the positive muon), and assumed that iron, cobalt, and 
nickel each has two conduction electrons per atom. These 
calculations gave nearly the same value of 1>l1 (0) 12 for 
each of the metals, namely (0.33-0.35)PMu(0), where 
PMu(O) is the electron density at the muon in a free 
muonium atom. Of course these calculations are not 
rigorous, but it should be noted that the range of pos
sible values of 1>l1(0)12 is not very wide: 1>l1(0)12 must 
be greater than the mean density of conduction elec-
trons in the metal, and in our case this is about 8% of 
the maximum possible value PMu(O) for the squared 
modulus of the electron wave function at the positive 
muon. Thus, the calculation indicates an approximately 
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fourfold increase of the electron denSity at a positive 
muon in iron, cobalt, and nickel. 

Now let us turn to the interpretation of the experi
mental results. First, it would seem that the large 
scatter of the dipole magnetic fields Bn in the mag
netized polycrystalline iron and cobalt specimens must 
lead to very rapid depolarization of the muon in times of 
the order of 1-10 nsec, whereas no such rapid depolari
zation is observed. Another effect that seems strange 
is the relatively slow preceSSion of a positive muon in 
these ferromagnets, in which the field B/1 at the muon 
is much smaller than Bsph and Bn. A possible ex
planation of these effects might be found in a rapid dif
fUSion of the muon through the crystal lattice: the 
dipole field at the diffusing muon would be largely aver
aged out, and this would considerably reduce its effect 
on the preceSSion frequency and damping rate. But even 
if such rapid diffusion actually takes place, we still have 
to explain how B/1 comes to be so much smaller than 
Bsph. 

The only field available to compensate Bsph is the 
oppositely directed contact field Bc , and here there are 
two possibilities: B /1 = Bc - Bsph and B /1 = Bsph - Bc· 
The correct choice between these possibilities can be 
made if the direction of B/1 with respect to the external 
field H is measured, i.e., if the direction of precession 
of the positive muon is measured. The direction of B/1 
in iron was determined from measurements made with 
counters 5 and 6 (Fig. 1) displaced to the side; from the 
shift of the initial phase of the preceSSion observed in
cident to the displacement of the counters one can deter
mine the direction of the precession of the positive muon, 
and hence the direction of B /1' It was found that in iron, 
B/1 is parallel to H. One could test the hypotheSiS that 
positive muons diffuse rapidly through ferromagnets by 
observing the muon preceSSion at reduced temperature, 
for then the diffusion velocity would be lower and the 
depolarization rate A should therefore be higher. An 
increase in A on reducing the temperature has actually 
been observed for iron. 

The discussion of the precession of positive muons 
in nickel is Simpler because here Bn = 0 and the only 
unknown is the contact field Bc. Having evaluated Bc 
experimentally, we can find the polarization (Pe)Ni 
of the conduction electrons in nickel. Let us evaluate 
(Pe)Ni for the case Bsph>Bc' We have Bj..I.=Bsph-Bc, 
i.e., Bc=Bsph-B/1=2030-1334=696 G (we used the 
value B /1 = 1334 G for the region H.$ 700 G in which the 
experimental value of B /1 is practically independent 
of H). Using the value 1 >l1(0) 12 = 0.35PMu(0) from [4J in 
the equation Bc = (16/3)1TflPe 1>l1 (OW, we find (Pe)Ni 
=0.7%. 

To estimate Pe for iron and cobalt we have to make 
some assumption about the dipole field Bn. We shall 
assume that in these metals the average value of Bn at 
the positive muon is zero. Then for the case Bc = Bsph 
-B/1 (Bsph>B/1), calculations like that just made for 
nickel yield (Pe)Fe = 3.4% and (Pe)Co = 4.3%. 

We emphasize again that the values obtained for Pr, 
are only rough estimates since a rather crude model 4J 
was used to calculate 1 >1'(0) 12. 

There is still another interesting feature of the pre
cession of positive muons in ferromagnets: the pre
cession frequency w is virtually independent of the ex
ternal magnetic field H (in iron, w is constant within 
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1% over the entire range of H from zero to 1900 Oe, and 
in nickel w is also weakly dependent on H in the region 
H;S700 Oe). We do not know how to explain this effect. 

The experimental value of the polarization Po of the 
positive muon in the ferromagnet is of considerable im
portance. The fact that Po < 1 in iron and cobalt shows 
that in these metals some rapid process takes place that 
is not observed in our experiments and that leads to the 
partial depolarization of the muon. It is also possible that 
individual muons on being stopped in iron and cobalt come 
to rest in some part of the lattice where B j.L differs sub
stantially from the value in the table and that we do not 
observe the corresponding precession. Another explana
tion could be that the field Bj.L is not parallel to the ex
ternal field H. It is interesting that the observed polari
zation Po = 2/3 of a positive muon in iron at H = 0 cor
responds to the picture of magnetized domains randomly 
disposed in space. In nickel, Po reaches unity at 
H'" 700 Oe, i.e., at this value of H there are no fast 
muon Ilepolarizing processes in nickel and B j.L is 
parallel (or anti parallel) to H. 

Quite recently there appeared a paper[5] in which 
measurements of the precession of positive muons in 
nickel and iron are also reported. In this study [5] 
the values (Bj.L)NF 1550 G and (Bj.L)Fe = 4100 G were 
obtained; these values are close to those found in our 
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work. Our values of the depolarization rate i\ are also 
in good agreement with those of [5]. However, the values 
of Po found in the two studies differ widely, the values 
(Po)Ni = 0.2 and (Po)Fe = 0.1 being obtained in [5]. The 
reason for this discrepancy is not clear to us. The di
rection of the precession of a positive muon in nickel 
was determined in [5] , and it was found that B J.L is 
parallel to H. This result shows that Bsph >Bc in 
nickel, as we assumed in evaluating (Pe)Ni. 

One of the authors (B.A.N.) is grateful to V. G. Yaks 
for valuable discussions. 
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