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In many magnetic materials it is a good approximation to say that the nuclei of magnetic atoms
are subject to axial magnetic fields, and one topic of investigation is to determine the distribution
in orientation of these axes. Formulae are given which enable the intensities of 7 Fe Mossbauer
lines to be calculated in terms of the polarization of the incident y-rays and parameters which
characterize the distribution of the axes of the internal magnetic fields acting on the 7 Fe nuclei in
a magnetically ordered absorber.

Pour de nombreux matériaux magnétiques, on fait une bonne approximation en disant que les
noyaux d'atomes magnétiques sont soumis a des champs magnétiques axiaux, et une voie
d’investigation consiste a déterminer la distribution de 'orientation de ces axes. On donne des
formules qui permettent de calculer les intensités des raies Mossbauer de 57Fe en termes de la
polarisation des rayons y incidents et de paramétres qui caractérisent la distribution des axes des
champs magnétiques internes agissant sur les noyaux *’Fe dans un absorbant ordonné
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The determination of spin arrangements in magnetic materials by means of Mossbauer

magnétiquement.

Can. J. Phys., 57,263 (1979)

In the classic paper by Frauenfelderer al. (1) it is
shown that Mossbauer radiation has, in general, an
anistropic angular distribution relative to the spin
axis of the emitting or absorbing nuclei, and in
general it is polarized. General expressions for the
angular distribution and the polarization for all
kinds of Maossbauer transitions are given in that
paper. It was also suggested there that this could be
the basis of a method of determining spin directions
in magnetically ordered substances, and, in fact,
use has already often been made of these phenom-
ena for that purpose.

The formulae of Frauenfelder et al. (1), however,
refer to a single emission or absorption line of a
nucleus in a state of definite magnetic quantum
number relative to a definite axis of quantization. In
the more general case, these conditions are not
met. For example, in a magnetically ordered sub-
stance there are often several directions of spin
quantization, for different nuclei, which cannot be
distinguished by Mossbauer spectroscopy. Some-
times there is a distribution of the spin quantization
axes. Again, the levels between which a Mossbauer
transition occurs may not contain nuclei in a pure
quantum state; an example of this is a quadrupole
splitting. In all of these cases the Mdssbauer radia-
tion is only partially polarized. Even when the
levels correspond to a single quantum state, that
state is not necessarily a state of definite magnetic
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quantum number referred to a definite axis of
quantization.

If it is desired to extract information about the
spin directions in a more general case than that
treated by Frauenfelder ez al. (1), it is usually pos-
sible to consider some plausible model, e.g., a
model where there are two or more axes of spin
quantization, and, using their formulae, to vary the
parameters of the model until the predicted spectra
fit the observed one. The difficulties here are
twofold: Firstly, there are only a limited number of
such parameters which can be found by this proce-
dure and any attempt to fit more parameters results
in an ambiguous fit because the effect of a variation
of one parameter can be reversed exactly by suit-
able variations of the others; this may even happen
when the number of parameters fitted is less than
the maximum. Secondly, the plausible model
which one has guessed may not be the correct one.
A more general method is desirable which does not
demand an a priori model.

Such a method has been given by Daniels (2) for
the particular case of 7Fe Massbauer spectros-
copy. The basis of this method is to recognize that
the maximum amount of information which can in
principle be obtained about a MGssbauer absorber
is the density matrix of each resolvable level. The
question is, then, is it possible to find these density
matrices completely from the Mdssbauer spectra?
The answer is that it is possible for the >’ Fe ground
levels, but for the 37Fe excited levels, if the density
matrices are expanded in spherical tensors it is in
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general possible to find the expansion coefficients
only up to the second order. In ref. 2 the polariza-
tion of the source lines is described by giving the
density matrix o; in photon spin space of the radia-
tion. (This is a variety of the Jones calculus for
polarized light, and is at the same time a familiar
formalism of quantum mechanics.) The absorber
lines are characterized by a similar density matrix
G,, and the intensity of any given line for a thin
absorber is proportional to Tr (c;0,). A set of mea-
surements with incident radiation with judiciously
chosen polarizations enables all the elements of 6,
to be found. These elements are functions of the
direction of propagation of the radiation through
the absorber and of the elements of the density
matrices of the 37Fe nuclei; thus, a series of ex-
periments with properly chosen directions and
polarizations enables one to obtain all the informa-
tion about the 57Fe nuclei which can, in principle,
ever be obtained by this method. Examples are
given of this in ref. 2, and an experiment using this
method has been described by Hirvonen et al. (3).
There is a large class of experiments, the investi-
gation of the spin arrangements in magnetic mate-
rials, in which it can be assumed that each 3"Fe

nucleus is subject to an (axial) magnetic field witha

definite direction. The point of the investigation is
to find the spatial distribution of these axes. In this
article, formulae are presented for the elements of
the 6,’s in terms of the accessible parameters
characterizing the distribution of these axes.

We shall use the same coordinate system as
Daniels (2). A right-handed set of axes (x, y, z) is
assumed fixed in the absorber and directions rela-
tive to these axes are designated by the usual
spherical polar angles (8,). The axes of the
magnetic fields are supposed to be distributed in
space according to a density function p(@',¢") so
that the number of axes in a small solid angle dQ’ in
the neighborhood of (0’,¢') is proportional to
p(0',6')dQ’. The parameters which describe
p(0',¢") are the averages of various zonal har-
monics. If we put (f(0’,0") = [f0",$)p®",9") dQ’,
and assume p(08’,4") to be normalized so that (1) =
1, then it turns out that the following are the only
parameters which can be measured by ’Fe
Mossbauer spectroscopy:

A9 = (cos8’)

Al= (sinB’' cos d')

B} = (sin0®'sind")

A% ={(3cos26’' — P

Al= (V3 cos0’ sin®’ cosd’)
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Bl= (\/§ cos B’ sinf’ sind’)
A3=(V3sin20’ cos 2¢’)
B3= (V3sin20’ sin2¢’)

The y-rays used in the absorption spectroscopy
are assumed to pass through the absorber emerging
along a direction whose spherical polar angles are
0,¢). Since the photons have their spins either
parallel (positive-helicity) or opposed (negative
helicity) to the direction of propagation, the density
matrix ¢ of photon spin is a 2 x 2 matrix. The
representation used is one in which the state of
positive helicity is (§) and the state of negative
helicity is (¢). Both for the description of experi-
mental configurations, and also to fix the phases
of these states, it is necessary to define more co-
ordinates. Unit vectors r, 0, and ¢ in the direc-
tions of increasing r, 0, and ¢ define a right-handed
triad; ris the direction of propagation of the y-rays,
and 8 and ¢ lie in the plane perpendicular to r.
Azimuthal angles in this plane are denoted by and
are measured in a positive, or anticlockwise, direc-
tion, beginning at @, as seen by an observer looking
towards the source of the y-rays. The phase con-
vention for the photon spin states is such that the
electric vector at the point of measurement lies
along ¢ at time ¢ = 0. It is convenient to write the
density matrix in the form

Fpasiln &=l
G —
ctid a—b
and to quote the (real) expansion coefficients a, b,
c,and d.
If the magnetic field is aligned along the z-axis,

the density matrices for photon spin both in emis-
sion and absorption are given by:

forline 1;
a=%1+cos?0), b= cosh,
c=—%1—cos?0), d=0
for line 2;
a=%1-cos?0), b=0,
c=%1—cos20), d=0

The lines are numbered in the usual way from 1 to
6 in the order in which they appear in the spectrum,
and line 1 represents the transition m = § & m = 4,
the transition of highest energy. It should also be
noted that the magnetic field which is directed along
the +z-axis is the magnetic field at the nucleus; this
is usually parallel to the external local field, but not
always of the same sign. Line 5 has the same den-
sity matrix as line 2, and line 6 has the same density







