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a b s t r a c t

In the so-called ‘step-shape’ angular spin distribution model for layered systems, the non-collinear

directions of the atomic magnetic moments are confined to the film plane and form a homogeneous fan

spanning inside an (in-plane) angular interval Dj centered at an angle j0. A general approach for

deriving the two parameters j0 and Dj via 57Fe Mössbauer spectroscopy measurements is discussed.

The analysis extends our previously reported treatment, which assumed that the angular aperture Dj
develops symmetrically versus a fixed direction j0 (e.g., the in-plane easy axis of magnetization)

oriented either along or perpendicular to the in-plane projection of the Mössbauer g-ray direction. The

proposed approach is also applicable for those cases when not only the spin aperture Dj is changing

but also the aperture center j0 is rotating under the influence of different external parameters, such as

applied field, temperature, stress, etc. The method is suitable for applications to nanoscale layered

heterostructures with in-plane uniaxial or unidirectional magnetic anisotropy. The method is applied to

experimental data obtained on a 2-nm thick defected Fe layer with in-plane magnetic texture.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Many interesting magnetic phenomena in thin films and multi-
layers are strongly dependent on the involved spin configurations.
The spin structure at the interface of hard–soft ferromagnetic
layers or at ferromagnetic–antiferromagnetic layers is a key factor
in explaining exchange-spring [1,2] or exchange-bias [3,4] phe-
nomena, respectively, whereas spin-dependent electron scattering
is intimately related to the spin structure at the interface between
a magnetic and a non-magnetic conductive layer [5,6]. In such
nanoscale layered heterostructures non-collinear spiral-like mag-
netic structures may evolve in the interfacial regions under the
action of external parameters, e.g., applied magnetic fields. The
experimental determination of the spin structure by different
methods (like, e.g., polarized neutron reflectometry [7], X-ray
resonant magnetic scattering [8], nuclear resonant X-ray scattering
[9–11], and Mössbauer spectroscopy [2,4,12]) is a challenge and
requires useful models for data interpretation. 57Fe Mössbauer
spectroscopy, being isotope selective, is one of the most powerful
techniques for a comprehensive study of structural and electronic
properties, including magnetic interactions and spin structures, in
different materials. The interfacial spin configuration as well as the
ll rights reserved.

: þ4021 369 01 77.
depth-dependent spin distributions in Fe containing layered sys-
tems can be measured via conversion electron Mössbauer spectro-
scopy (CEMS) using tracer layers enriched in the 57Fe isotope,
placed either at the interface or at a certain distance from the
interface [2,4,12].

A practical approach to characterize the in-plane angular Fe
spin distribution in layered systems, via different Mössbauer
spectroscopy geometries, was proposed in Refs. [13,14]. The
experiment should be performed with the Mössbauer g-ray
incident under a certain angle fa901, relative to the film surface
(see Fig. 1) because of reasons given in Section 2. In a magnetically
ordered material, a sufficiently large hyperfine magnetic field, Bhf,
at the 57Fe nucleus leads to a Zeeman splitting of the Mössbauer
spectrum exhibiting the well-known six lines. The direction of the
hyperfine magnetic field, Bhf, is known to be antiparallel to the
direction of the magnetic moment, mFe, of the 57Fe atom, i.e., Bhf

and mFe are collinear. Therefore, the angular distribution of Bhf is
equivalent to the angular distribution of mFe. The intensity ratio,
R23, of the Mössbauer-sextet lines #2 and 3 (or, equivalently, lines
#5 and 4, counted from left to right) is a measure of the average Fe
spin direction (relative to the incident Mössbauer g-ray direction)
in the sample. The R23 ratio is usually obtained by least-squares
fitting the measured Mössbauer spectra. The experimental R23

ratio can be theoretically expressed in terms of the parameters of
modeled angular Fe spin distributions. Finally, the most appro-
priate distribution parameters are obtained by minimizing the
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Fig. 1. A Mössbauer experiment in non-perpendicular geometry, suitable for

characterization of the in-plane angular distribution of the hyperfine magnetic

field Bhf and of the Fe magnetic moment mFe. C is the angle between Bhf (or mFe)

and incident g-ray direction and F is the angle between g-ray direction and the

sample plane (or x axis). The sample plane is the xy plane.

Fig. 2. A schematic representation of the Fe spins in the sample plane (xy plane,

left) in case of an angular step-shape distribution (right). The discussion will

concentrate on the angle j0 of the aperture center with respect to the Ox axis in

Fig. 1, and on the aperture Dj¼2j0 .
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difference between theoretical and experimental R23 ratios. In this
context, a convenient and realistic type of angular Fe spin
distribution should be initially assumed in order to describe the
experimental data. This means that the method works well if one
has an idea about the real angular spin distribution in the sample,
e.g., if the Fe spins are distributed about a known preferential
magnetic direction in the sample. However, if the assumed
angular distribution is far away from the real one, the theoretical
data cannot reproduce the experimental dependencies well
enough and another type of distribution has to be assumed.

A lot of work concerning the study of the spin texture by
Mössbauer spectroscopy was reported during the last decades
[13–24]. In fact, there are two types of approaches for the
experimental characterization of the spin texture by this method.
The most complete theory, presented by Pfannes and Fischer [15],
describes the spin texture by a two-variable probability density
function D(y,j), with y and j being the polar and azimuthal
angles, respectively, of the quantization axis of the 57Fe nucleus
versus a fixed laboratory system. When working with unpolarized
radiation, this function can be reasonably approximated via a set
of five coefficients related to its expansion in spherical harmonics.
However, in spite of its generality, this theory could not be easily
applied in experiments. Therefore, later Greneche and Varret [16]
have introduced simplifications, showing that a spin texture of
D2h symmetry (e.g., an ellipsoidal representation of the probabil-
ity distribution) can be adequately described by only two inde-
pendent parameters. This simplified model, assuming a priori a
three-dimensional ellipsoidal type of angular spin distribution,
was frequently applied, for instance in Refs. [17–23]. The possi-
bility of measuring spin texture independent Mössbauer spectra
by the ‘magic-angle’ method is also implied [23]. A review of the
available versions of the spin texture models, with applications to
the case of 3d-based (ribbon-like) amorphous ferromagnets, was
given by Pankhurst and Gibbs [24], who emphasized also the
limits of the model by Greneche and Varret. Furthermore, the
sharpened interest in magnetic phenomena of thin films and
multilayers imposed the development of specific procedures for
the evaluation of Mössbauer data in case of angular spin distribu-
tions in layered systems with in-plane magnetic shape aniso-
tropy, where the magnetic moments are oriented in the film plane
and the spin texture is reduced to two dimensions. In-plane
magnetic anisotropy is the most frequently occurring case in thin
film/multilayer systems. For such a situation, we recently pro-
posed a new and simplified approach [13,14], the so-called step-
shape angular spin distribution model (see below), which was
critically discussed with respect to previous models by pointing
out both its advantages and limitations [13]. The requirement for
assuming an in-plane angular spin distribution function for two-
dimensional systems represents, on one hand, a strong limitation
of our model, but on the other hand avoids further considerations
on the intrinsic system symmetry. Different applications of this
model have been provided [2,4,11–14], most often by solving
numerically the relationship between the experimental R23 ratio
and the angular spin distribution parameters, specific to various
types of assumed distribution functions.

The aim of the present work is to provide a general analytic
expression for the intensity ratio R23 as a function of the two
typical parameters of the step-shape angular distribution of Fe
spins with directions confined to the film plane. In this model the
Fe magnetic moment directions form a homogeneous fan-like
arrangement spanning an (in-plane) angular interval Dj (¼2j0)
centered at an angle j0 (see Fig. 2). The two parameters to be
determined from the experimental R23 ratio are Dj (¼2j0) and
j0. This distribution is considered as one of the most convenient
model distributions, which is simple but also realistic enough for
a suitable simulation of a real in-plane angular spin distribution
in layered systems [2,12]. Particular expressions for special cases,
reported in Ref. [14], are regained, and the conditions of their
viability are discussed. Finally, the method is applied to the case
of a 2-nm thick defected Fe film that exhibits in-plane magnetic
texture.
2. Experimental geometry and theory

The geometry of the experiment is the one reported in Ref. [13]
(see also Fig. 1). The thin film lies in the xy plane and the g-ray is
incident onto the sample plane under an angle f (relative to the Ox

axis, in the Oxz plane). The magnetic hyperfine field, Bhf (a typical
Mössbauer parameter whose magnitude is inferred from the
Zeeman splitting in the spectra), is a vector quantity that is oriented
in the sample plane and is antiparallel to the Fe atomic magnetic
moment, and, hence, parallel to the Fe spin, and makes an angle j
with the Ox axis and an angle c with the direction of the g-ray. For
a unique direction C of the magnetic hyperfine field with respect to
the g-ray direction, the intensity ratio R23 of the second (I2) to the
third (I3) line of the Mössbauer sextet is defined as R23¼ I2/
I3¼4 sin2(c)/[1þcos2(c)] (likewise, one can define the ratio
R54¼R23¼ I5/I4 as the intensity ratio of the fifth (I5) to the fourth
(I4) line of the sextet). In case of an angular spin distribution P(c),
both intensities I2 and I3 and, hence, sin2(c) as well as [1þcos2(c)]
should be averaged over all possible spin orientations. The



Fig. 3. Function cos2(j) vs. j and its symmetry peculiarities for j0¼01 and 451.
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following expression is obtained for the intensity ratio R23 [14]:

R23 ¼ 4

R
csin2

ðcÞPðcÞdc
1þ
R
ccos2ðcÞPðcÞdc

with

Z
c

PðcÞdc¼ 1 ð1Þ

When dealing with an in-plane angular spin distribution, more
convenient angular parameter j (Fig. 1) and the probability
distribution P(j) can be chosen, under the condition that
P(j)dj¼P(c)dc [13]. Using the angle of g-ray incidence f and
introducing also the relationship cos(c)¼cos(f)cos(j), which can
be straightforwardly derived by analytical geometry [13], the R23

ratio can be generally expressed as [14]

R23 ¼ 4
1�cos2ðfÞ/cos2ðjÞS
1þcos2ðfÞ/cos2ðjÞS

ð2Þ

with

/cos2ðjÞS¼
Z 2p

0
cos2ðjÞPðjÞdj and

Z 2p

0
PðjÞdj¼ 1

Eq. (2) demonstrates that R23¼4 for perpendicular g-ray
incidence, i.e., for f¼901, and in this case R23 becomes insensitive
to the in-plane spin orientation. Eq. (2) will be applied for a step-
shape angular spin distribution as a model. It is worth mentioning
that due to the parallel (antiparallel) orientation of the magnetic
hyperfine field and the Fe spin (Fe magnetic moment), a full
characterization of the angular probability distribution of the
magnetic hyperfine field is equivalent to the characterization of
both the angular spin distribution and the angular magnetic
moment distribution.

By a step-shape angular distribution one understands that the
hyperfine fields (or Fe spins) are pointing with the same prob-
ability into an angular aperture Dj¼2j0, centered at the angle j0

with respect to the Ox axis. Graphically, this situation can be
represented by hyperfine fields (or spins) pointing with the same
density (number of spins per unit angle) along different angles
inside the interval Dj¼2j0 (Fig. 2). Mathematically, the distribu-
tion probability for this case can be expressed as follows:
P(j)¼P0 for j0�j0rjrj0þj0, and P(j)¼0 in the rest of the
2p interval. Hence

/cos2ðjÞS¼
Z 2p

0
cos2ðjÞPðjÞdj¼ P0

Z j0þj0

j0�j0
cos2ðjÞdj ð3Þ

with P0 ¼ ð1=2j0Þ ¼ constant, through the normalization condi-
tion for the probability distribution. Therefore, in case of the step-
shape angular distribution of the spins, the solution of Eq. (2) is
reduced to solving the simple integral I¼

Rj0 þj0
j0�j0

cos2ðjÞdj.
Integration leads to the expression:

2I¼j9j0þj0
j0�j0

þsinðjÞcosðjÞ9j0þj0
j0�j0

The following relationship is finally obtained via usual trigo-
nometric relations:

/cos2ðjÞS¼ 1

2
þ

1

2

sinð2j0Þ
2j0 cosð2j0Þ ð4Þ

Eq. (4) in combination with Eq. (2) is the general expression for
the intensity ratio R23 in the frame of the step-shape angular spin
distribution. However, the intensity ratio in this model depends
on only two parameters (j0 and j0), which can be obtained from
at least two Mössbauer experiments performed by rotating the
sample in its own plane, i.e., by the azimuth angle j around the z

axis. Then, the experimental j-dependence of R23 can be com-
pared with the theoretical R23(j) ratio according to Eq. (4) in
order to extract the parameters j0 and j0. It is worth mentioning
that the simplest case corresponds to the situation when the
center j0 of the angular distribution is known (many practical
situations fulfill this requirement, e.g., the center corresponds to
the direction of the easy axis of magnetization, which can be
established via complementary magnetic or structural measure-
ments). In that case, the center of the angular distribution can be
oriented either along (j0¼01) or perpendicular (j0¼901) to the
in-plane projection of the g-ray direction, i.e., to the x axis. Under
these circumstances, /cos2(j)S given by Eq. (4), becomes

/cos2ðjÞS¼ 1

2
7

1

2

sinð2j0Þ
2j0

ð5Þ

which is identical to Eq. (60) in Ref. [14], specialized for j0¼01 or
901. For j0-01, Eq. (5) leads to /cos2(j)S¼1 or 0 depending on
j0¼01 or 901, in agreement with the unidirectional spin distribu-
tion model [14]. In order to discuss the differences between the
most general Eq. (4) in this report and the special form of Eq. (60)
in Ref. [14], a reminder on the functional behavior of cos2(j) is
helpful. It can be directly observed from Fig. 3 that for j0¼01,
cos2(j0�j0)¼cos2(j0þj0), whereas for j0¼451, cos2(j0�j0)a
cos2(j0þj0). Eq. (60) in Ref. [14] deals only with the case
cos2(j0�j0)¼cos2(j0þj0), which allows to express the integral
from j0�j0 to j0þj0 as twice the integral from j0 to j0þj0.
Eq. (4) in this report does not assume any condition on the
function cos2(j) and j0 and, therefore, is more general.
3. Experimental confirmation and discussion

The practical application of Eq. (2) with /cos2(j)S expressed
by Eq. (4) involves two different approaches: (i) either the angular
spin distribution is constant, being an intrinsic magnetic property
of the material, or (ii) the angular spin distribution is uniformly
modified under the influence of an external factor (e.g. an applied
magnetic field).

The first case (i), which is typically met in layered systems
with an angular distribution of the magnetic easy axes [25],
assumes again two different situations: (a) the center of the
angular distribution (j0) is well known with respect to a macro-
scopic direction in the sample plane or (b) the center of the
angular distribution is not known with respect to such a macro-
scopic direction. In case (a), the only remaining parameter to be
measured by Mössbauer spectroscopy is the semi-aperture j0.
This can be derived principally by a single Mössbauer measure-
ment with the sample oriented with the center of the angular
distribution at either j0¼01 or 901 with respect to the projection
of the g-ray direction onto the sample plane and the subsequent
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use of Eqs. (2) and (5). A more reliable value for j0 can be
obtained by performing both experiments at j0¼01 and 901 and
fitting the measured difference DR23¼R23(j0¼901)�R23(j0¼01)
to the difference between the two theoretical curves R23(j0)
calculated for j0¼01 and 901, respectively, according to the same
Eqs. (2) and (5) (see also the inset of Fig. 4).

The more complex case (b) can be elegantly solved via a series
of Mössbauer measurements taken by rotating the sample in its
own plane (i.e., around the z axis) and representing the R23 ratio
for different angles between a marked direction in the sample
plane and the in-plane projection of the g-ray direction (Ox axis).
Fig. 4 presents the theoretical dependencies of the intensity ratio
R23 on the angle j0 (angle between the center of the distribution
and the in-plane projection of the g-ray direction) for different
semi-apertures, j0. One may notice in Fig. 4 that the amplitude of
the oscillation depends strongly on the angular semi-aperture j0.
For j0o901, the amplitude of the R23(j0) dependence decreases
drastically with increasing j0 and becomes zero at j0 ¼901. The
positions of the minimum (at j0¼01) and maximum (at j0¼901)
are independent of j0. For 901oj0o1801, a maximum value of
R23 is obtained at j0¼01 and a minimum value at j0¼901 (Fig. 4).
However, the amplitude of the R23(j0) dependence is much lower
than that for the case of j0o 901, reaching a broad maximum at
j0 ¼1351 and j0¼01 (see also the inset of Fig. 4). Most of the
interesting practical situations involve relatively narrow angular
spin distributions, with j0o901, and, hence, a fairly precise
determination of both j0 and j0 can be provided by the
representation proposed above for the experimental R23(j) data.
Obviously, according to Fig. 4, such a representation will show an
oscillating behavior, with the maximum centered at j0¼901 and
the minimum at j0¼01. The angular shift from j¼901 (j¼01) of
the maximum (minimum) in the oscillating experimental R23(j)
data provides the orientation of the center of the angular
distribution with respect to the direction marked on the sample,
whereas the amplitude of the oscillation provides the value of the
semi-aperture j0.

In the following we present a practical example for the
proposed procedure. We study the magnetic texture in a sample
consisting of a polycrystalline thin film of Fe grown on a poly-
crystalline Cu buffer layer that covered a Si(0 0 1) wafer as a
substrate. The native Si oxide was not removed. The substrate was
Fig. 4. Theoretical intensity ratio R23 vs. angle j0 for different semi-apertures j0 .
An angle f of 301 between the direction of the g-ray and the sample plane was

considered. The inset shows the R23(j0) dependence for j0¼01 and 901.
cut with the edge along its [1 1 0] direction. The Fe film was
protected by a thin Cu cap layer. The sample was prepared by rf
sputtering in Ar (10�2 mbar) at a power of 100 W, with the
substrate held at room temperature. The thickness of the Cu
buffer layer (Cu cap layer) was 5 nm (2 nm), whereas the thick-
ness of the Fe layer (partially enriched in the 57Fe Mössbauer
isotope) was about 2 nm. Since only one sputtering target could
be incorporated in the rf sputtering chamber, the film deposition
procedure involved opening of the chamber and exposure to air
for a few minutes after deposition of each layer during the
exchange of the Cu and Fe targets. However, this procedure did
not cause significant oxidation of the Fe layer, since the CEM
spectra on the sample (see below) did not reveal magnetic
hyperfine field components larger than 45 T, which are typical
for Fe oxides. X-ray diffraction provided evidence of a weak
crystallographic texture in the Cu layers along [1 1 0] of the
Si(0 0 1) substrate. This was confirmed for numerous other
samples prepared in the same way. A mark was made at a low
angle with respect to the [1 1 0] direction of Si(0 0 1), and the
sample was initially magnetized along the [1 1 0] direction.

CEM spectra were acquired at room temperature in zero
external field with the incident g-radiation making an angle of
j¼501 with the sample plane. Thus, the sample was at magnetic
remanence during the measurements. The escape depth of the
detected conversion electrons is about 100 nm [26], which covers
far more than the depth and the thickness of the 57Fe layer. The
spectra were obtained at different angles j between the mark and
the projection of the g-ray direction onto the sample plane (Ox

direction). An additional spectrum was acquired in perpendicular
geometry (at f¼901). The spectra were least-squares fitted using
the program NORMOS by Brand [27]. All these spectra are
presented in Fig. 5.

The Mössbauer spectrum collected in perpendicular geometry
(Fig. 5(a)) consists of a Zeeman-split sextet with very broad lines,
providing evidence of strong interfacial diffusion of Cu atoms into
the lattice of the Fe film. Thus, a Fe-rich disordered Fe–Cu alloy
(i.e., Fe(Cu)) film is formed. Therefore, all the spectra were least-
squares fit via a distribution P(Bhf) of magnetic hyperfine fields
Bhf (P(Bhf) distributions are shown on the right hand side of Fig. 5).
P(Bhf) is centered at an average Bhf value of about 31 T. This value
is smaller than that of pure bulk bcc Fe (Bhf¼33.0 T at room
temperature) due to the influence of the impurity Cu neighboring
atoms in the Fe lattice. The intensity ratio, R23, obtained in
perpendicular geometry is 3.9(1), proving the complete in-plane
orientation of the Fe spins. The in-plane spin-orientation was also
confirmed by magneto-optical Kerr effect (MOKE) measurements
(see below). All the other spectra obtained at f¼501 and
j¼�301, 01, 301, 601 and 901 (Fig. 5(b), (c), (d), (e) and (f),
respectively) show a similar shape and P(Bhf) distribution, but
exhibit a clear variation in the R23 ratio. The as-shown distribu-
tions P(Bhf) deviate slightly from the reference distribution P(Bhf)
at perpendicular geometry (Fig. 5(a)), especially in the range of
low hyperfine fields (r20 T) with low probability density, where
mathematical oscillations might mask the physically relevant
low-field distribution tail. The ratios of the absolute area of such
deviations and the area of the reference distribution are less than
10% (with the main deviation appearing in the low-field range).
We infer a similar uncertainty for the intensity ratios R23. The
dependence of the experimental R23 ratio versus angle j is shown
in Fig. 6 by full squares. The obtained R23 values have statistical
errors of 70.1, as provided by the least-squares fitting program,
which, in fact, cover also the uncertainties related to the slight
deviations of the hyperfine field distributions mentioned above.
However, in order to avoid the influence of the hyperfine field
distributions on the determination of the R23 ratios, and con-
sidering the fact that the P(Bhf) distributions must be independent



Fig. 5. Conversion electron Mössbauer spectra collected at room temperature and

at magnetic remanence on a Fe(Cu) thin film grown on a Si(0 0 1) substrate

carrying a Cu buffer layer. The following geometries were chosen: perpendicular

geometry (F¼901) (a), and non-perpendicular geometry with F¼501 and

j¼�301 (b), 01 (c), 301 (d), 601 (e) and 901 (f) (j is the angle between a reference

direction and the in-plane projection of the g-ray direction). Right hand side:

corresponding hyperfine field distributions, P(Bhf).

Fig. 6. Experimentally obtained R23 ratios for a fitting procedure (Fig. 5) with free

hyperfine field distributions P(Bhf) (full squares), and for a fitting procedure (Fig. 7)

with the hyperfine field distribution in perpendicular geometry (F¼901)

(Fig. 5(a)) imposed to be the same for all spectra in non-perpendicular geometry

(F¼501) (open large circles). Also shown is the theoretical fit curve R23(j)

according to Eqs. (2) and (4) with F¼501 and j0 ¼351 (small open circles). Inset:

longitudinal MOKE loop measured with the in-plane external field applied along

to the [1 1 0] direction of the Si(0 0 1) substrate.
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of the spin orientation, a new (independent) least-squares fitting
was performed on the spectra obtained in non-perpendicular
geometry (Fig. 5(b)–(f)), imposing in all those cases the same
reference hyperfine field distribution that was obtained in per-
pendicular geometry (Fig. 5(a)) for the in-plane oriented spins.
The result of the latter fitting procedure is shown in Fig. 7. One
can notice that this fitting is of the same quality as that shown in
Fig. 5(b)–(f). The as-obtained values of the intensity ratio R23,
which differ just slightly from the previous ones, are also plotted
in Fig. 6 (open large circles). Both of these experimental series of
data are well fit by the theoretical set of Eqs. (2) and (4) within
the following conditions: f¼501, j0 ¼35(5)1 and the center j0 of
the angular spin distribution shifted by j¼�201 from the
marked direction at j¼01 (see the theoretical fit curve as small
open circles in Fig. 6). Physically the reason for an angular spin
distribution in the Fe(Cu) film in the remanent state is related to
the presence of magnetic domains extended over Fe(Cu) crystal-
lites with angular distributed easy axes. The single-crystalline
nature of the Si substrate is partially transferred via the Cu buffer
layer to the Fe(Cu) film, which consequently will acquire a
magnetic texture, with a preferred orientation of the magnetic
hyperfine fields (and, hence, of the Fe spins) along a certain
direction in the sample plane (the [1 1 0] direction of the Si(0 0 1)
substrate in our case). It is worth mentioning that the 2-nm thick
Fe film is too thin to prove its crystallographic texture by X-ray
diffraction. However, the Mössbauer spectroscopical result is also
qualitatively supported by the longitudinal magneto-optical Kerr
effect (MOKE). The MOKE hysteresis loop (shown in the inset of
Fig. 6) measured with the in-plane external magnetic field applied
along the [1 1 0] direction of the Si(0 0 1) substrate exhibits a
nearly rectangular shape, which is typical for a loop taken along
the magnetic easy axis. This observation provides support for the
Mössbauer result, indicating the existence of a magnetic texture
with the average orientation of the magnetic easy axes along the
[1 1 0] direction of the Si(0 0 1) substrate. In addition, the low
value of the coercive field (less than 5 Oe) sustains the lack of
oxidation of the Fe film.

Finally, in the second case (ii), when the angular spin distribu-
tion is modified by an external factor (e.g., an external magnetic
field), the problem can be completely solved only if at least one of
the two parameters, which define the model distribution, can be
provided by a complementary experimental method. For exam-
ple, in the case of an exchange-spring bilayer with an epitaxially
grown hard layer and uniaxial in-plane magnetic anisotropy [2],
the angular spin distribution in the soft magnetic layer, under the
influence of the applied field, can be obtained by taking
Mössbauer spectra with the easy axis of the hard layer parallel
to the field and perpendicular to the in-plane projection of the
g-ray direction (i.e., along the Oy axis, Fig. 1). The step-shape
angular spin distribution may be characterized in this situation by



Fig. 7. Same conversion electron Mössbauer spectra as shown in Fig. 5, but least-

squares fitted in a different way: the hyperfine field distribution P(Bhf) in

perpendicular geometry (F¼901) (Fig. 5(a) and Fig. 7(a)) is imposed to all spectra

in non-perpendicular geometry (F¼501) (Fig. 7(b)–(f)). The fittings are of the

same quality as in Fig. 5.
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angles j1 (where the probability jumps from 0 to P0) and j2

(where the probability jumps back from P0 to 0). According to
Fig. 2, the connections to the previous parameters are j2�j1¼
Dj¼2j0 and j2þj1¼2j0, and Eq. (4) can be straightforwardly
expressed by the new parameters j1 and j2. This time the
sample cannot be rotated in its own plane (the field would act
along another internal magnetic direction and not along the easy
axis of the hard magnet) and the distribution aperture j2�j1 can
be uniquely determined only via the knowledge of j1 [2].
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