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1. Introduction
Mössbauer spectroscopy has been very 

successful in determining the electronic and 
magnetic structure in non-isotropic samples 
such as thin single crystals, epitaxial films, 
textured foils and textured powders. In 
case of magnetically split  spectra,  the 
alignment of the magnetisation relative 
to the optical axis (i.e. the propagation 
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direction of the γ-rays) is reflected in the 
normalised line intensities, an approach that 
has been routinelyused with unpolarised 
single-line source, e.g. in 57Fe Mössbauer 
spectroscopy, since many decades. Indeed, 
as experimentally first observed for the 
14.41 keV 3/2 → 1/2 M1 transition of 57Fe 
by Wertheim in 1960 [1], the relative line 
intensities of the hyperfine-split Mössbauer 
spectrum of the ferromagnetic α-Fe are 
sensitive to the azimuth angle Θ between 
the optical axis and the hyperfine magnetic 
field, this latter being aligned parallel to the 
magnetisation. We note that, throughout this 
paper, the term ‘direction’ will be used for a 
vector like magnetic field or magnetisation 
and means both the axis and the sign of the 
vector while the term ‘alignment’ means the 
orientation of the axis without its sign.

It is a common knowledge that, for a thin 
absorber, the relative line intensities I1 to I6 
of the a 3/2 → 1/2 spectrum are described by

        (1)
 

A l t h o u g h  a p p l y i n g  E q .  ( 1 )  f o r 
determining Θ, i.e. the alignment of the 
hyperfine magnetic field is a most common 
method in Mössbauer spectroscopy, its 
accuracy (apar t  f rom the  case  Θ  =  0 , 
when the 2nd and 5th lines are completely 
suppressed) has serious limitations. In 
fact, line intensities may be considerably 
influenced by several factors such as the 
finite thickness (and its inhomogeneity, 
i.e., the granularity) of the sample as well 
as the count rate compared to the dead 
time of detector and electronics. Besides, 
i n  m a n y  c a s e s  t h e  s h a p e  a n i s o t r o p y 
confines the magnetisation into the plane 
of a ferromagnetic foil or thin filmbutthe 
alignment of the magnetisation within this 
plane isstill of interest. However, under 
such conditions Eq. (1) can be used on a 
tilted sample only, a circumstancefurther 
decreasing the accuracy of determining the 
alignment of the hyperfine field and also 
increasing the experimental difficulties.

The polarisation of the photons of the 
hyperfine split resonant γ-transition of 57Fe 
was first demonstrated by Perlow et al. 
in 1960 [2]. This observation opened the 
way to polarimetry, a completely different 
approach of determining the alignment of 
the hyperfine magnetic field. In this paper 

an introduction to the basic principles of 
Mössbauer polarimetry will be given at a 
tutorial level followed by an overview of 
thin-film applications with special emphasis 
to experiments performed using magnetically 
spl i t  polar ized sources in conversion-
electron Mössbauer spectroscopy (CEMS) 
experiments.

2. Principles of Mössbauer polarimetry 
using magnetised 57Co(α-Fe) source

The feasibility of Mössbauer polarimetry 
as research tool in magnetism wasfirst 
shown by Hanna et al. in 1960 [3]. These 
authors used a 57Co(α-Fe) source prepared 
by electroplating and subsequent diffusion 
of 57Co into α Fe and an α-Fe foil as an 
absorber. Both source and absorber were 
magnetised in plane close to saturation. 
Spectra were recorded for both parallel 
a n d  p e r p e n d i c u l a r  a l i g n m e n t  o f  t h e 
magnetic fields. Due to the fact that the six 
lines of the α-Fe spectrum are polarised 
parallel, perpendicular, parallel, parallel, 
perpendicular and parallel to the hyperfine 
field (and the magnetisation), respectively, 
and taking into account that photons can 
excite transitions of the same polarisation 
only, 9 and 6 respective lines appear in the 
spectrum for parallel and perpendicular 
alignment of the fields at source and absorber 
as explained schematically in Figs. 1 and 2.

In the case of 57Co(α-Fe) source and α-Fe 
absorber both fully magnetised perpendicular 
to the optical axis at a relative azimuth angle 
δφ to each other, after the trivial removal of 
the nonresonant background and changing the 
sign, not mentioned henceforth, the normalised 
spectrum I(v) (i.e., ∫ I(v)dv = 1) is the linear 
combination of I||(v) and I┴(v) these latter two 
being normalised as ∫ I||(v)dv = ∫ I┴(v)dv = 1:

I(v) = I||(v) cos2δφ + I┴(v) sin2δφ        (2)

Eq. (2) gives a straightforward way to 
determine δφ from the experimental spectrum 
I(v). Using δφ as the only free fit parameter, in 
a typical experiment it can be determined with 
an accuracy of a few degrees. This approach 
is one variant of ‘linear polarimetry’, i.e. the 
polarimetric determination of the alignment 
of the magnetisation for thin absorbers. For 
absorbers of finite thickness the principle of 
Eq. (2) remains applicable if the intensities 
are calculated using transmission integrals 
properly accounting for the polarisation of the 
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Fig. 1. Schematic representation of the Mössbauer spectrum I||(v) and its relative line intensities taken 
with a 57Co(α-Fe) source and an α Fe absorber both fully magnetised perpendicular to the optical axis; 
magnetising fields at source (HS) and absorber (HA) parallel to each other.

Fig. 2. Schematic representation of the Mössbauer spectrum I┴(v) and its relative line intensities taken 
with a 57Co(α-Fe) source and an α Fe absorber both fully magnetised perpendicular to the optical axis; 
magnetising fields at source (HS) and absorber (HA) perpendicular to each other.

photons.
For many applications not only the 

alignment but also the sign, i.e. the direction 
of the hyperfine field (and magnetisation) is 
of interest. Examples include magnetisation 
reversal for magnetic storage applications, 
spin-flop phenomena in coupled multilayers, 
assignment of sublattices in ferromagnetic 

materials and many others. As it is well-
known from the elements of magneto-
optics (and as it actually follows from the 
symmetry of the Maxwell equations), linearly 
polarised photons are sensitive only to the 
alignment rather than to the direction of the 
magnetic field. To see the direction, one needs 
circularly (or, at least, elliptically) polarised 



132

Fig. 4. Schematic representation of the Mössbauer spectrum I↑↓(v) and its relative line intensities taken 
with a 57Co(α-Fe) source and an α-Fe absorber both fully magnetised along the optical axis; magnetising 
fields at source (HS) and absorber (HA) antiparallel to each other.

photons. The first experiment using elliptically 
polarised Mössbauer radiation immediately 
demonstrating the feasibility of circular/elliptic 
polarimetry was performed by Frauenfelder 
et al. in 1962 [4].The arrangement of this 
experiment was similar to that used by Hanna 

et al. [3], however, both the source and the 
absorber α-Fe foils were tilted towards the 
optical axis and exposed to a longitudinal (i.e. 
parallel to the optical axis) magnetic field. The 
shape anisotropy confined the magnetisation 
to the plane of the foils, thereby polarising 

Fig. 3. Schematic representation of the Mössbauer spectrum I↑↑(v) and its relative line intensities taken 
with a 57Co(α-Fe) source and an α-Fe absorber both fully magnetised along the optical axis; magnetising 
fields at source (HS) and absorber (HA) parallel to each other and the photon wave vector k.
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(3)

(4)

(5)

the Mössbauer transitions elliptically (in fact, 
almost circularly).

The ideal case of circular polarisation is 
explained in Figs. 3 and 4. Since the external 
field is longitudinal, i.e. Θ = 0, according to 
Eq. (1) the 2nd and 5th lines are missing. The 1st, 
3rd, 4th and 6th lines show right, left, right and 
left circular polarisations, respectively if the 
hyperfine field is parallel to the photon wave 
vector k and left, right, left and right ones if 
the direction of the field is antiparallel to k. 
This results in case of parallel and antiparallel 
directions in 3 and 6 respective lines.

In the general case, the direction of the 
magnetic field at the source and absorber are 
described by the respective polar angles ΘS 

and ΘA as well as by the respective azimuth 
angles φS and φA,  however,  due to the 
rotational symmetry along the optical axis, 
only the difference of the azimuth angles 
δφ = φS-φA will influence the spectrum. As 
shown by Tanczikó et al. in 2009 [5], for 
the thin absorber case a simple system of 
equation analogous to Eq. (2) exists allowing 
for determining ΘS, ΘA and δφ from the 
normalised experimental spectrum I(v) as 
decomposed to the four ‘standard spectra’ 
I||(v), I┴(v), I↑↑(v) and I↑↓(v)(∫ I||(v)dv = ∫ I┴(v)dv 
=  ∫ I↑↑(v)dv = ∫ I↑↓(v)dv = 1). In fact, performing 
the decomposition as I(v) = I||I||(v) + I┴I┴(v) 
+ I↑↑I↑↑(v) + I↑↓I↑↓(v) with the normalisation 
condition I|| + I┴ + I↑↑ + I↑↓ = 1,

Akin to Eq. (2), for absorbers of finite 
thickness the principle of Eqs. (3-5) remains 
applicable if the intensities are calculated using 
transmission integrals properly accounting for 
the polarisation of the photons.

 
3. Other approaches of transmission 

Mössbauer polarimetry
Bes ides  t he  f e r romagne t i c  sou rce 

magnetisation technique and recording the 
full Mössbauer spectrum, several other 
approaches including filter techniques have 
been reported in the literature. These methods 
are often called Mössbauer polarimetry 
and have been elaborated theoretically and 
experimentally in quite some detail a long 
time ago. In 1964, Blum and Grodzins [6] 
used circular polarimetry in high longitudinal 
external field to determine the sign of the 
hyperfine magnetic field in dilute iron alloys. 
Various approaches of Mössbauer polarimetry 
including full-spectrum linear polarimetry with 
magnetised 57Co(α-Fe) source, zero-velocity 
linear polarimetry recording the Malus curve 
and linear polarimetry based on quadrupole 
interaction were used by Gonser and his co-
workers in a series of papers [7, 8, 9, 10, 
11] between 1966 and 1992 to determine 

the alignment of magnetisation or of the 
alignment of the principle axes of the electric 
field gradient  (EFG) tensor. Full circular 
polarisation of the resonant photons was first 
demonstrated in an experiment performed 
by Foner et al. in 1969 [12] who recorded 
a spectrum corresponding to that shown in 
Fig. 3. The filter technique, i.e., suppressing 
one polarization from the radiation of an 
unpolarised source was used for the first 
time byShtrikman and Somekh [13] in 1969. 
Theses authors created nearly pure circular 
single-line radiation by using a constant-
velocity, longitudinally magnetised yttrium 
iron garnet filter. Linear polarimetry using a 
magnetised 57Co(α-Fe) source was used in 
1975 by Gibb et al. [14] to determine the 
orientation of the EFG in ferrousammonium 
sulphate. In 1984, Ullrich and Hesse [15] 
used circular polarimetry with magnetised 
5 7C o ( α - F e )  s o u r c e  t o  i n v e s t i g a t e  t h e 
distribution of the direction of the hyperfine 
field in FeNi invar alloys. The nineties 
saw a remarkable development of the filter 
technique as applied for polarised single-
line sources without using an additional 
constant-velocity drive. In 1996, Szymański 
et al. built a circularly polarised single-
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Fig. 5. Arrangement of the Wigner linear CEMS polarimeter [20, 21]. The polarised resonant radiation 
is created by 57Co(α-Fe) source fully magnetised perpendicular to the photon wave vector k by a permanent 
magnet polariser of magnetic field HS that can be rotated around the optical axis and set to any azimuth 
angle. The CEMS detector is mounted between the poles of a water-cooled electromagnet capable of 
producing magnetic fields HA up to 350 mT.

line source applying a Fe2.85Si1.15 polariser 
longitudinally magnetised with permanent 
magnets mounted in front of a 57Co(Cr) 
source and reached a polarisation degree of 
80 % [16]. In 1999, Jäschke et al. presented 
a linearly polarised single-line source using 
magnetised and optionally heated 57FeBO3 
or α-57Fe polarisers mounted in front of 
57Co(Cr) or 57Co(Pt) sourcesand reached ≥ 
90 % polarisation degree at about 25 % of 
the primary intensity [17]. The state of art 
of Mössbauer polarimetry wasreviewed in 
two comprehensive papers published by 
Szymańskiand his co-workers in 2006 [18] 
and 2017 [19].

4. Application to thin films: the CEMS 
polarimetry

Until 2004, Mössbauer polarimetry was 
limited to transmission geometry, a major 
handicap for thin-film studies where, as a 
rule, the thick substrate makes impossible to 
perform transmission experiments. Therefore, 
it appeared necessary to extend Mössbauer 
p o l a r i m e t r y  f o r  c o n v e r s i o n - e l e c t r o n 
detection. The first CEMS polarimeter using a 

magnetised ferromagnetic 57Co(α-Fe) source 
to create linearly polarised radiation was 
developed and implemented at the Wigner 
Research Centre for Physics, Hungarian 
Academy of Sciences, Budapest by Tanczikó 
et al. Its description was published in 2004 
[20] and, in full detail, in 2010 [21]. Fig. 5 
shows the way of operation of the instrument.

Using the Wigner CEMS polarimeter, 
t h e  b u l k  s p i n - f l o p  t r a n s i t i o n  o n  a n 
an t i f e r romagne t i ca l l y  coup led  Fe /Cr 
multilayer system was demonstrated under 
Mössbauer laboratory conditions [20, 21] 
(cf. Fig. 6). Previously such experiments 
were only possible using reflectometric 
methods at neutron or synchrotron radiation 
sources .  Fur ther  appl ica t ions  inc lude 
magnetocrystalline anisotropy studies in 
coupled multilayers [21].

An alternative approach of a CEMS 
polarimeter, namely that of using linearly or 
circularly polarised filters was published by 
Olszewski et al. in 2007 [22].

A CEMS polarimeter using a magnetised 
ferromagnetic 57Co(α-Fe) source to create 
elliptically polarised radiation was developed 
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Fig. 6. Demonstration of the bulk spin-flop transition on an antiferromagnetically coupled Fe/Cr 
multilayer. The perpendicular intensity I┴ (cf. Eq. (2)) jumps around an applied field of 15.5 mT [20, 21].

Fig. 7. Arrangement of the Wigner elliptical CEMS polarimeter[21, 23]. The polarised resonant 
radiation is created by 57Co(α-Fe) source fully magnetised by permanent magnets at a low anglerelative 
to the propagation direction of the photons.The figure shows the situation when the polarised radiation 
enters the CEMS detector through its side window. The sample in the detector is in the controllable and 
homogenous field of six permanent magnets as shown by the white arrows. The maximum field at the 
sample is 100 mT.



136

by the Wigner group and published by 
Tanczikó et al. in 2010 [21, 23]. The special 
feature of this instrument is its capability 
of working both at perpendicular and low-
angle incidence. The way of operation 
of this polarimeter is shown in Fig. 7. 
Applications include magnetisation reversal 
s tudies  on the buried 57Fe layer  of  an 
asymmetric, antiferromagnetically coupled 
Fe/Cr/Fetrilayer [20], an experiment that 
was previously only feasible at synchrotron 
radiation sources.

The  low-angle  inc idence  crea tes  a 
situation quite unusual for CEMS. Indeed, due 
to the fact that in 57Fe CEMS the conversion 
electrons come from a depth typically not 
exceeding about 50 nm, any blackness effect 
can be neglected and there is no need to use 
transmission integrals. However, in case of 
low- (~3°) angle incidence, the way of the 
photons through the resonant 57Fe layer is 
that much expanded that a proper calculation 
of the theoretical  function in terms of 
transmission integral and polarisation is 
necessary. This problem was treated and 
solved by Sajti et al. in 2014 [24].

5. Conclusions
Mössbauer polarimetry is an efficientand, 

as compared to using synchrotron radiation 
or neutron sources, simple and inexpensive 
method of studying the alignment or the 
direction of magnetisation with linearly 
and elliptically polarised resonant photons, 
respectively.  Polarised photons can be 
created by resonant filters resulting in 
single-line sources, however these sources 
always have a limited degree of polarisation 
and a considerable loss of the primary 
source intensity. In contrast, the technique of 
using magnetised ferromagnetic 57Co(α-Fe) 
source results in photons of nearly 100 %, 
well-defined polarisation without any loss 
of the primary source intensity. Admittedly, 
the spectra taken with such sources are 
somewhat unusual, however, by appropriate 
fitting, the physical information can be 
extracted with a reliability higher than in 
case of filtered single-line sources.

Mössbauer polarimetry can be combined 
with the CEMS technique thereby allowing 
for studying thin films and multilayers. 
In case of low-angle incidence of elliptic 
CEMS polarimetry, the finite thickness of the 
resonant layer should be properly accounted 
for, an unusual situation for CEMS.

Certainly, for the preparation of 57Co(α-Fe) 
sources a radiochemistry laboratory is needed. 
Nevertheless, preparing such sources is a 
relatively easy exercise since for the diffusion 
of 57Co to α-Fe relatively low temperature 
(~900 °C) is sufficient.
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