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Large angles between the local direction of magnetization and that of the applied mag-
netic field, which have been found in experiments involving the embedding of excited nu-

clei in Fe or Ni foils, are explained in terms of the crystalline imperfections caused by

the foreign nucleus when it penetrates the ferromagnetic lattice. A rather crude estima-
tion yields the same results for line or point defects, and it is concluded that the sine of
these angles should decrease, with increasing magnetic field H, roughly as 1/H.

Many experiments have shown' that in a mag-
netic field of the order of 100 Oe, soft magnetic
materials like Ni or Fe are almost completely
saturated in the direction of the applied field. In-
troduction of lattice imperfections by plastic de-
formation' or by neutron irradiation'~' increases
considerably the portion of the magnetic materi-
al magnetized at some angle to the applied field,
but this is still a very small percentage in a field
of several hundred oersteds. On the other hand,
Ben-Zvi et al. ' have found that the magnetic field
at the site of nuclei recoiling into Fe or Ni foils
is at a rather large angle to an applied magnetic
field in the plane of the foil of' about 1000 Oe.
The measured angles (in degrees) were 36+ 2

for "W in Ni, 30+ 6 for "W in Fe, and 24+ 6

for "'Nd in Fe.' Assuming that the field at the
site of the embedded nucleus is proportional to
the magnetization of the Fe or Ni lattice (which
is the usual conclusion' from Mossbauer-effect
experiments), this observation seems at vari-
ance with the magnetic measurements. More-
over, the experiment of Ben-Zvi et al. ' indicates
a concentration of the magnetization in the direc-
tion of the generating vector of a cone making the
angle of 30 or so with the direction of the ap-
plied magnetic field without any magnetization ly-
ing parallel to the applied field, which seems
very strange even for fields much smaller than
1000 Oe.

These apparent discrepancies are removed if
one bears in mind the fact that the recoil nuclei
in the Ben-Zvi experiment' not only introduce
imperfections into the Fe or Ni lattice, as is the
case in the usual study'~ of radiation damage,
but actually come to rest in such an imperfection.
These nuclei therefore measure the magnetiza-
tion of the ferromagnetic material at the relative-
ly few imperfections only, whereas macroscopic
magnetic measurements'~' yield the average of
the magnetization in these lattice sites and in
most of the material where the magnetization is

more inclined towards the direction of the ap-
plied magnetic field. This experiment thus

serves as a kind of magnification of what is usu-

ally a small effect, or rather as a direct mea-
surement of the amplitude of a deviation, for
which other measurements yield only the spatial
average, in the effect of imperfections on the ap-
proach to magnetic saturation. This interpreta-
tion of the experiment will be made somewhat
more quantitative in the following.

The effect of imperfections on the magnetiza-
tion in its approach to saturation was first stud-
ied by Brown' in general terms of concentration
of forces, using very simple geometrical canfig-
urations. Later extensions' ' to more complicat-
ed force fields at line or point defects retained
the basic assumptions that the magnetization is
almost parallel to the applied field and therefore
neglected all terms which were of second order
in the transverse component of the magnetization.
This could be justified when one was interested
only in an average over a large crystal, for
which case an error in a small region near the
defect itself could not contribute much. The
problem is quite different when one is interested
in the direction of the magnetization vector in the
close vicinity of the imperfection, where it
seems very doubtful if the linearized theory is
dependable. The reason is that in that vicinity
the linearized theory yields angles between the
magnetization and the applied field which are not
small and which vary very rapidly, "so that one
cannot justify neglecting second-order terms in
this vicinity. Besides, even if the results of the
linear theory were dependable in principle, they
are not easy to obtain from most of the published
calculations'~' because a Fourier transformation
is introduced at a very early stage, so that only
an average over an infinite material is calculat-
ed. In fact, for many applications" it turns out"
that one can ignore the dislocation structure and
replace it (as far as the average over the whole
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where H is the applied magnetic field, M~ is the
saturation magnetization of the material, and C
is the exchange constant. In the context of the
linearized theory, ' the direction cosines a and P
of the transverse magnetization and the magneto-
static potential u should be the solutions of

(v'-z')a-au/sx =f„ (2a,)

(2b)(v'-x')P -su/sy =f„
4wM '/sa ep)

v'u= '
I

—+—I.
C isx ay j' (2c)

It is readily seen that in the region R, where f,
and f, are assumed to be nonvanishing constants,
these Eqs. (2) have the particular solution

a= f,X ', p= f-p ', u=0, - (3)

and the solution outside this region, or the bound-
ary conditions there, do not make much differ-
ence in the present context.

This is not quite rigorous because usually a
solution of the homogenous Eqs. (2) has to be add-
ed to (3) in order to fulfill the conditions of con-
tinuity on the boundary of the region R. Howev-
er, it seems that neglecting this correction is
not less justified than the basic assumptions of
this theory, at least when the magnetostatic self-
energy is not too large. One can, therefore, use
(3) as an approximation for the magnetization in
the near vicinity of the foreign atom and deduce
from it, using (1), the following expression for
the angle 8 between the magnetization and the di-
rection of the applied field;

sine = (n'+ p') '"~ H (4)

sample is concerned) by an effective anisotropy
term. Obviously, such an approach cannot help
solve the problem that concerns us here.

However, for a rough estimation one need not
go into any fine details. Just consider the high
concentration of forces which must exist near the
imperfection. These might be due to dislocations
created by the recoil nucleus, or just result from
the mechanical strains caused by the very exis-
tence of an impurity atom which has a different
"size." In any case, one can approximate the ac-
tual spatial dependence of the forces f, and f, by
assuming that they have some constant values in-
side a small region R of unspecified shape sur-
rounding the point or line imperfection. The
forces then decrease outside this region, more
or less abruptly. Let

=PM /C,
S

which is a result that should be checked by ex-
periment.

In a way, the treatment presented here is very
similar to the older treatment of the approach to
saturation against which Brown' argued. Howev-

er, the argument of Brown applies to the use of
solutions like (3) for an average over the whole
crystal, for which the assumption of constant f,
and f, cannot be justified. Here it was used only
for a small region surrounding the defect, and
for this region the model must be at least as
good as any used in the theory of the approach to
saturation so far. '

In this calculation the magnetocrystalline an-
isotropy has been neglected. Moreover, contam-
ination layers originating from the pumping sys-
tem, and heating by the bombarding particles,
are known" to cause mechanical stresses in the
foil, which must be equivalent on the average" to
an extra anisotropy. However, the effect of the
anisotropy decreases more rapidly, as H ', and
can therefore be neglected for fields where (4) is
still important. In fact, it has been shown that
for a polycrystalline ferromagnet approaching
saturation, the magnetization varies on the aver-
age as

M=M (1 cKH M -2)
S S

where K is the anisotropy constant (for iron, for
example, K/Ms = 280 Oe), and c is a slowly vary-
ing function of H, which can be taken as approxi-
mately 0.1, for both iron and nickel. '» Using (5),
for H of at least 500 Oe the contribution of the an-
isotropy to the magnetization is at most a few
percent for Ni or Fe, even if a reasonable value
is assumed" for the contamination layer. One
can thus neglect the anisotropy as was done in
(2).

It should be particularly emphasized that the
result obtained here is not sensitive to the num-
ber of the defects in the sample or to their aver-
age distance, which usually" affects strongly the
functional dependence on the field H of macro-
scopic magnetic measurements which involve av-
eraging over the whole sample. It is also insen-
sitive to the shape of the defect, or to the force
field around it. Moreover, for the particular
solution (3), even the use of the linear theory can
be partly justified. This is seen by comparing
(2) with the nonlinear Brown equations'~ accord-
ing to which (3) remains a solution in the region
just around the defect, even when one introduces
the rigorous nonlinear expressions for the ex-
change and magnetostatic energies. The magne-
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tocrystalline anisotropy energy has been neglect-
ed anyway, and although the justification for
dropping this term is based on the linear approx-
imation, the average for defects in different
crystallites cannot be much different than in the
calculation of Holstein and Primakoff'4 (i.e., be-
sides the local strong variations, which have
been approximately taken into account). One is
thus left with the magnetostrictive energy term,
which essentially gives rise to the right-hand
side of (2a) and (2b). But for this energy term,
the linear approximation is used only in a small
region near the defect, and in a small region al-
most everything is linear.

It is very difficult to estimate the proportional-
ity constant in (4), and therefore it is not quite
clear if the theory presented here can actually
account for the 30' or so measured' experimen-
tally. However, some deviations from saturation
were measured in Ni in fields up to 6000 Oe, ' so
that rather large angles at the peak, in a field of
about 1000 Oe, sound plausible. But, of course,
it would be nicer to check (4) by repeating the
measurements of Ben-Zvi et al.~ in various
fields 0 larger than 500 Oe. Another check could
come from repeating the Low and Collins experi-
ment' of scattering neutrons by impurities in Fe
or Ni in a larger field. The field applied in this
experiment was not measured, but the sample
magnetization was" 95+ 5% of the saturation
magnetization, which does not sound like a very
high field. If our theory is correct, the angle 8
of (4) should have been quite large in this experi-
ment near the impurity atoms, i.e., where it
mainly counts.

Because of the particular way in which mea-
surements are subtracted, "an angle of 30
should change the measured cross sections by a
factor of 2, and this factor tends to infinity for
8 (or o. , in their" notation) tending to 45'. One
should, therefore, expect quite a large change in
repeating the measurements in larger fields.
There is also a possible contribution from dif-
fuse magnetic scattering since the absence of
these was checked by comparing with the pure
element, disregarding the possibility that the
pure element was saturated while the alloy was
not. All the conclusions' from such measure-
ments might, therefore, have to be modified if
the experiment is done in a larger magnetic field.

This might also be connected to the depolariza-
tion of neutrons, which has been found" to be
quite large in magnetic fields for which the devi-
ation from saturation is already very small. The

common interpretation of this effect is' in terms
of magnetocrystalline anisotropy in the different
crystallites. However, the essence of the inter-
pretation is the different regions of size 5, which
is much smaller than the size d of the sample,
and this can be readily adopted to our picture of
small regions, near impurities or other imper-
fections, where the magnetization deviates con-
siderably from the field direction.
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By comparing new experimental results with calculations, it is shown that the levels
above the 2 [5,3, 0] ground-state band in SPa and Pa may be interpreted as resulting
from the 2 [6,6, 0], the 2 [6, 5, 1], and the 2+[6,4, 2] bands involved in a three-band Co-
riolis interaction.

Interpretation of several states between 80 and
400 keV in Pa as due to a three-band Coriolis
interaction was first suggested by Browne and
Asaro. ' New information just available from
measurements of the ' 'Np e and "3Th P de-
cays'" will be presented here as strongly con-
firming this hypothesis. Also, we present re-
sults of a calculation showing that the very un-
common deformation of one of the observed rota-
tional bands can be caused by a three-band Cori-
olis interaction, with very acceptable values for
the interaction parameters.

In Fig. 1 the alpha feeding of the levels in '3 Pa
is shown. The e hindrance factors indicate that
the 86.4- and the 238.2-keV levels (level energies
as following from the present work) are fed by
unhindered alpha transitions and therefore con-
tain considerable percentages of the Nilsson lev-
el &+[6, 4, 2], assigned to the '0'Np ground state. '

In an earlier proposal the 86.4-keV level was
interpreted as the 2+[6, 4, 2] state and the 238.2-
keV level as the 2+ member of the q+[6, 5, 1] rota-
tional band, mixed with the former state by Cori-
olis interaction. The failure of this model to ex-
plain the very low values of the hindrance factors
of the alpha transitions to the 212.4-keV level and
to the remarkable doublet at 103.7 and 108.5 keV
led Browne and Asaro to the new model men-
tioned above.

In the meantime, our experiments have shown
that a level at 94.6 keV is fed by an allowed, hin-
dered or a first-forbidden, unhindered (ah or lu)
beta transition from ' 3Th. This 94.6-keV level
decays to the ground state, to the 6.7-keV level
(Fig. 2), and more strongly, by low-energy con-
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FIG. 1. Level scheme of Pa as found from the de-
cays of 3 Th and TNp presented as far as of interest
for the accompanying discussion. The hindrance fac-
tors I'& refer to the n decay of Np.

version electrons, ' to the 86.4-keV level. We
found this level to be in coincidence also with the
alpha transitions feeding the 103.7- and 108.5-keV
doublet; this explains the lack of gamma-ray
transitions from this doublet to the ~ [5, 3, 0]
band. Taken together these findings make it at-
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