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 Preface

Published online: 28 March 2013
© Springer Science+Business Media Dordrecht 2013

Mössbauer Spectroscopy is an experimental technique based on the nuclear resonant
emission and absorption of gamma rays. It was discovered in 1958 by Professor
Rudolf Mössbauer who received the Nobel Prize for Physics in 1961. Due to its high
sensitivity to the local physical properties of the systems under study, the technique
has proven to be very useful in several areas of scientific and technological research.

The “Latin American Conference on the Applications of the Mössbauer Effect-
LACAME” is a series of conferences started in 1988 in Rio de Janeiro and has
grown steadily since then, changing every 2 years the venue from different nations in
which Mössbauer research laboratories exist. The purposes of LACAME are to bring
together the Latin American and the International community, to promote activities
of basic and applied research, to encourage participation and interaction among
students, young and senior researchers, and to strengthen international cooperation
around the field. LACAME is the best opportunity to share experiences gained in the
process by each of the different countries as well as a good opportunity for the stu-
dents of Latin American countries to discuss their researches with specialists of Latin
America and abroad that work with the same experimental characterization tech-
nique. Topics addressed in these conferences include Advances in Experimentation
and Data Processing, Amorphous, Nanocrystals and Nanoparticles, Applications
in Soils, Mineralogy, Geology and Archaeology, Biological and Medical Applica-
tions, Catalysis, Corrosion and Environment, Chemical Applications, Structure and
Bonding, Industrial Applications, Magnetism and Magnetic Materials, Multilayers,
Thin Films and Artificially Structured Materials, Physical Metallurgy and Materials
Science, and others related with the use of Mössbauer spectroscopy.

In 2012, the Institute of Physics at the Universidad de Antioquia (Medellín-
Colombia) had the privilege to lead the planning and development of this im-
portant academic event in cooperation with Planetario de Medellín “Jesús Emilio
Ramírez González” and Parque Explora. In order to ensure the continuity of
the Latin American Mössbauer Community, in LACAME-2012 different activities
were programmed encouraging the creation of the new generation for Mössbauer
spectroscopy in Latin America. Therefore, the “International School on Recent
Advances in Mössbauer Spectroscopy”, the “Rudolf Mössbauer Latin American
Thesis Award”, and the “Best Presentation Award” were specially organized to
promote active participation of young scientists. Additionally, internationally recog-
nized experts of the highest scientific level as well as young prominent researchers
from Latin America were invited as Speakers and also as Tutors of the International
School.
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The Organizing Committee decided to honor the outstanding scientific contri-
butions of Prof. R. Mössbauer, who passed away in 2011, through the “Rudolf
Mössbauer Latin American Thesis Award-2012”. Also, several academic sessions
were devoted to honor the memory of our friends and colleagues Profs. Fernando
González-Jiménez (Venezuela), I. P. Suzdalev (Russia), A. Vértes (Hungary) and
H. Rechenberg (Brazil), who regretfully passed away in the last years. Soon after
finishing the Conference, we received the sad news, that our colleague and friend
Dra. Judith Dessimoni (Argentina) died on November 26 of 2012. We certainly shall
miss all of them.

Medellín, known as the ‘city of the eternal spring’, welcomed the Mössbauer
community. Nowadays, this city has been chosen as the most innovative city in the
world by the Urban Land Institute, Citigroup and The Wall Street Journal. It is
becoming the destination of choice for many new and seasoned visitors. It is a vibrant,
vital and rapidly developing place that offers an excellent platform for varied activity
as tourism, conventions and academic conferences.

We are convinced that the readers will enjoy the scientific contributions published
in the present volume, which give an overview of the science currently done
around the Applications of the Mössbauer Effect. We would like to express our
deep gratitude to all the institutions supporting LACAME 2012, and thank all
the presenters, participants, and members of the Organizing, Latin American and
Scientific Committees for making this conference possible. The conference counted
with the presence of 131 participants, mostly students, including leading researchers
in the field coming from 16 countries of Latin America, Europe, Asia, and North
America. Over 120 works were presented both domestic and from abroad; all of
them with excellent scientific quality and valuable contributions to the field. In this
proceeding volume, the papers accepted for publication in the Journal of Hyperfine
Interactions were submitted through the online system via editorial management
newly provided by Springer.

C.A. Barrero Meneses and J. Mazo-Zuluaga (Chairs)
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Mössbauer investigation of the reaction of ferrate(VI)
with sulfamethoxazole and aniline in alkaline medium
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Abstract Mechanisms on the oxidation of sulfamethoxazole (SMX) and aniline
by ferrate(VI) (FeVIO4

2−, Fe(VI)) in alkaline medium suggested the formation of
Fe(VI)-SMX or Fe(VI)-aniline intermediates, respectively. Fe(V) and Fe(IV) as
other intermediate iron species have also been proposed in the mechanism. In this
paper, rapid freeze Mössbauer spectroscopy was applied in rapidly frozen samples to
explore intermediate iron species in the reactions of SMX and aniline with Fe(VI).
In both reactions, Fe(VI)-SMX and Fe(VI)-aniline intermediates were not seen in
second-minute time scale. Fe(V) and Fe(IV) were also not observed. Fe(III) was the
only final species of the reactions.

Keywords Ferrate · High-valent iron species · Fe(II) · Fe(III) · Antibiotics ·
Electron-transfer · Rapid-freeze technique · Mössbauer spectroscopy
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Fig. 1 Structures of
sulfamethoxazole (SMX)
and aniline
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1 Introduction

The application of potassium ferrate(VI) (K2FeO4, Fe(VI)) in water and wastewater
treatment is attracting increasing interest [1–8]. Fe(VI) is a strong oxidizing agent
with a standard reduction potential of 2.20 V under acidic conditions, however it is
relatively mild oxidant in the basic conditions with a standard reduction potential
of 0.72 V [9]. Like ozone, Fe(VI) does not produce carcinogenic bromate ion in
treatment of Br− containing water [7]. Because of growing concern of chlorine
disinfection by-products (DBPs), Fe(VI) shows promise as an alternative disinfectant
[10]. Fe(VI) can also be an effective oxidant for removal of organic micropollutants
such as estrogens and certain pharmaceuticals [11–17]. No antibacterial activity
against E. coli after complete removal of antibiotic, trimethoprim by Fe(VI) was
observed [14].

The understanding of the mechanisms of oxidation reactions carried out by Fe(VI)
is in progress [18, 19]. In our laboratory, we are attempting to advance knowledge
on the mechanism of oxidation of antibiotics by Fe(VI) [14, 20]. The present paper
deals with antibiotic, sulfamethoxazole (SMX), which consists of two moieties, an
aniline ring and a five-membered heterocyclic aromatic group, connected to both
sides of the sulfonamide linkage (-NH-SO2-) (Fig. 1). In the proposed mechanism
of Fe(VI) with SMX, intermediate iron in +4 oxidation state has been suggested
[20]. However, no direct evidence was provided to confirm this intermediate iron
species. Furthermore, a recent study proposed Fe(VI)-SMX intermediate species
and analyzed their kinetics results based on this assumption [15]. Moreover, studies
on aniline, a substructure molecule of SMX (see Fig. 1) have also been performed
[21–23]. Under condition of using excess molar amounts of Fe(VI) to aniline,
nitrobenzene was the product of the reaction (1) while azobenzene was formed when
excess aniline was used (2).

FeO2−
4 + C5H5NH2 → Fe (II) + C5H5NO2 (1)

FeO2−
4 + C5H5NH2 → Fe (II) + C5H5N = NC5H5 (2)

Reprinted from the journal2
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A free radical mechanism for the reaction, based on EPR measurements was
proposed when excess amounts of aniline to Fe(VI) was used [21]. In this free radical
mechanism, FeO4

3− (Fe(V)) was also the intermediate high-valent iron species.
However, a study under similar experimental conditions contradicted the free radical
based mechanism, and the imidoiron(VI) intermediate as the intermediate was
suggested before the formation of final product, cis-azobenzene (3) [21].

C6H5NH2 C6H5NH2

FeO4
2− → imidoiron (VI) intermediate → cis-azobenzene + Fe (II)

milliseconds-seconds seconds-minutes
(3)

In the last few years, we are attempting to explore mechanism of the oxidation
reactions of Fe(VI) using the Mössbauer spectroscopy in order to establish any inter-
mediate iron(VI)-substrate species or to distinguish one-electron steps (Fe(VI) →
Fe(IV) → Fe(III)) and two-electron steps (Fe(VI) → Fe(IV) → Fe(II)) [5, 24, 25].
The oxidation states of iron can be determined unequivocally by the Mössbauer
technique [26] and therefore, any intermediate iron species of the reaction may be
known. In the current paper, we have applied Mössbauer technique to the reactions
of Fe(VI) with SMX and aniline to learn about the mechanism of the reactions.

2 Experimental methods

The samples for Mössbauer spectroscopy were prepared by mixing solutions of 0.2 M
Fe(VI) with either SMX or aniline in 10 M NaOH and in 0.01 M phosphate buffer
(pH 11.0). The experiments at pH 9.0 for the reaction of Fe(VI) with aniline were
performed under anaerobic solutions in which 0.2 M Fe(VI) (a ferrate(VI) sample
enriched in 57Fe isotope) and 0.2 M aniline were mixed to achieve the molar ratio
1:1. Anaerobic conditions were obtained by degassing with a stream of nitrogen to
remove oxygen prior to mixing them together and the volume used for each solution
was 100 μL. The mixing of solutions was performed in a Mössbauer sample holder
(i.e., in a tiny bowl) within second time scale. The sample holder was then immersed
into liquid nitrogen (78 K). The cooling rate provided by this method preserves the
original structure of the solution and iron species in the liquid state [25].

The transmission 57Fe Mössbauer spectra were recorded at T = 100 K using a
Mössbauer spectrometer in a constant acceleration mode with a 57Co(Rh) source
and velocity range from −5 to 5 mm/s. The isomer shift values are given relative
to metallic alpha iron at room temperature. The Mössbauer spectra were evaluated
assuming Lorentzian line shapes using the least squares method with the help of the
MossWinnR code. It was expected that the effects of non-ideal absorber thickness
and variable recoil-free fractions for iron atoms in non-equivalent structural sites are
all within experimental error.

3 Results and discussion

Initially, solid SMX was added into 0.1 M Fe(VI) solution in 10 M NaOH solu-
tion. It was expected that such high concentration of hydroxide would stabilize
any intermediate Fe(V)/Fe(IV) species [27]. As shown in Fig. 2, the Mössbauer

Reprinted from the journal 3
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Fig. 2 Mössbauer spectrum of the frozen solution of the mixture of 0.1 M Fe(VI) and solid SMX

spectrum of the frozen solution showed a single component having isomer shift of
−0.82 mm/s and this represents non reacted Fe(VI). The Fe(V) and Fe(IV) species as
intermediates of the reaction between Fe(VI) and SMX were not seen. Furthermore,
no reaction between Fe(VI) and SMX was observed because no Mössbauer spectra
of Fe(III)/Fe(III) as the final product of Fe(VI) reduction were found.

Next, the experiments between Fe(VI) and SMX were extended to pH 11 in
phosphate buffer to increase the rate of the reaction. Lowering the pH generally
increases the rate of the reactions in the alkaline medium [13, 28, 29]. In this set-
up, two solutions were mixed at pH 11 and were frozen in ∼10 s to 180 s time
intervals. Mössbauer spectra of these frozen solutions, shown in Fig. 3, had one
singlet and a doublet, which represent Fe(VI) and ferrihydrite, respectively. The
identification of ferrihydrite is based on Mössbauer parameters of the doublet. The
doublet component increase with the reaction time (see Fig. 3a and b). The final
Fe(III) species is consistent with the earlier study on the reaction of Fe(VI) with SMX
[20]. The intermediate high-valent iron species were again elusive even at pH 11. It
is possible that the intermediate iron species, Fe(V) and Fe(IV), formed during the
reaction, were either reacting with SMX or self-decomposing to give Fe(II)/Fe(III)
within the time scale (∼10 s) of the freezing of the mixed sample.

Similarly, the study of Fe(VI) with aniline was carried out in 10 M NaOH and
at pH 11. In 10 M NaOH solution, no reaction of Fe(VI) with aniline was observed
and Mössbauer spectrum had a single component of Fe(VI). Lowering the reaction
solution to pH 11 showed the decay of Fe(VI) with the concomitant growth of the
doublet component. Again, no intermediate iron species could be observed. It seems
that if Fe(VI)-aniline intermediate formed during the reaction, it must have a life of
less than 10 s i.e. time needed to mix the solution, followed by freezing. The doublet
component corresponds to Fe(III). This contradicts with the earlier work in which
Fe(II) was the final product [22]. It is very likely that Fe(II) produced from the
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Fig. 3 Mössbauer spectra of
the frozen solutions of the
mixture of 0.1 M Fe(VI) and
0.01 M SMX in phosphate
buffer at pH 11.0. a 10 s;
b 180 s

Fig. 4 Mössbauer spectra of the frozen solutions of the mixture of 0.2 M Fe(VI) and 0.2 M aniline in
phosphate buffer at pH 9.0. a ∼ 3 s; b 60 s
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reaction might have been oxidized by inherent oxygen in the reaction solution. It
is known that the oxidation of Fe(II) at such high pH is rapid [30].

Finally, the reaction of Fe(VI) with aniline was studied at pH 9.0, but under
anaerobic conditions to make sure no oxygen present in the solution. The reaction
was studied at a molar ratio of 1:1 ([Fe(VI)];[aniline]). The Mössbauer spectra,
collected after immediate freezing of the solution (∼3 s) and 60 s, are presented in
Fig. 4. The results were not different from the reaction conducted at pH 11. Besides
not observing any of high-valent iron species, expected Fe(II) was also not seen.
Because of anaerobic condition, the oxygenation of Fe(II) to form Fe(III) could be
ruled out. This suggest the possibility of the reaction between Fe(VI) and Fe(II)
under studied conditions, which is fast (k ≥ 106 M−1 s−1) and yielded Fe(III) [31].

It is noteworthy that the Mössbauer parameters of the resultant Fe(III) species
are the same in every experiment within experimental error, and are close to that
of ferrihydrite. This shows that even at not too high pH (i.e., pH 9.0) the phosphate
buffer could not compete with OH− ions in coordinating to iron and the formation
of hydroxides/oxyhydroxides were preferred. This process can also stabilize Fe(III)
and therefore accelerates decomposition of intermediate oxidation states of iron.

4 Conclusions

Mössbauer spectroscopy approach was shown as an experimental technique to study
the mechanism of oxidation of sulfamethoxazole and aniline by Fe(VI). However,
freezing of samples of the reaction within three seconds was not sufficient in iden-
tifying any of the possible intermediate iron species, Fe(VI)-SMX/Fe(VI)-aniline,
Fe(V) and Fe(IV), during the reaction. Further improvement in freezing of reaction
samples on the time scale of milliseconds is needed to establish the intermediate iron
species, which will allow better understanding of role of high-valent iron, Fe(V) and
Fe(IV) species in oxidation reactions of Fe(VI).
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Abstract Simulated and experimental broadened Mössbauer spectra are analyzed
using several distribution functions. The resolution Hesse and Rübartsch data are
reproduced in order to analyze the origin of the oscillations appearing in the
recovered distribution function. The lined triangular distribution is used and some of
its properties are described. The no implicit nth-nomial distribution function P (x) =
(aCos (πx) + bSin (πx))

n is introduced, complementing the Window and Hesse and
Rübartasch no implicit distribution functions. This new no implicit distribution
function gives similar results of those of Window’s method. In addition, the Window
method has also been modified by inserting a smoothing factor λC. For 0 < λC < 1 a
hyperfine distribution with low resolution may be obtained; for λC > 1, the opposite
is obtained. The Levenberg-Marquardt algorithm is used to solve the involved
Fredholm integral equation rather than the typical second order regularized algo-
rithm. From the extracted hyperfine field distribution functions of the Mössbauer
spectra of the amorphous and crystallized Fe70Cr2Si5B16 magnetic alloy the short
range atomic order for the amorphous state of this alloy can be inferred.

Keywords Mössbauer spectroscopy · No implicit and implicit hyperfine
distributions · Amorphous alloys · Short range atomic order

1 Introduction

Broad Mössbauer spectra are frequently obtained from materials where slightly
different iron sites are present; examples such as amorphous magnetic alloys [1–10];
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nanometric materials with crystal size distribution(s), like goethite [8], hidrotal-
cites containing iron, stainless steels, etc. [1–10]. The hyperfine parameters of the
Mössbauer spectra of these materials (isomer shift δ, quadrupole splitting �, and the
hyperfine magnetic field H) are usually evaluated as distribution functions (P(x) with
x = δ, or �, or H) rather than as discrete values. Several methods have appeared
in the literature where a sum of magnetic patterns (1) or an implicit distribution
like the Gaussian line are used [1, 7, 8, 11]. Others methods assume no implicit
expressions for the P(x) distribution. Whereas Window [2] describes P(x) in terms
of a Fourier series expansion (FSE), Hesse and Rübartsch [3] use a discrete step
function. According to this line of thought, the nth nomial distribution function
P (x) = (aCos (πx) + bSin (πx))

n assumes neither a previous knowledge of the P(x)

distribution, and is introduced in this study. The resulting distributions from this new
function are practically similar to those obtained from the Window method [3]. The
implicit lined triangle distribution function is also introduced in this study. In addition
to these new proposed no-implicit and implicit distribution functions the Window
method has been modified by inserting a smoothing factor λC which can take the
values 0 > λC ≥ 1. For a highly resolved distribution function a λC > 1 is required.
This smoothing factor multiplies the trigonometric argument of the Cosine or Sine
function appearing in the Window method [2].

Generally speaking, one can get practically the same results using anyone of these
three no-implicit distributions functions (Window, Hesse and Rübartsch, and present
methods). Particularly, the Hesse and Rübartsch method is faster than the others
but it is basically limited to one parameter, the number of points of the distribution
(NSUB), to get a well resolved distribution. The Window method originally had
the number of terms of the FSE in order to obtain a well resolved distribution.
The introduction of the smoothing factor λC in the present work gives an additional
parameter in order to optimize a solution. Similarly the new nth-nomial distribution
function depends on the number of terms (n + 1) of the distribution. In addition to
this, the later no implicit distribution handles even and odd functions simultaneously.
This property would allow studying them in a future work in order to see if it is
possible to reduce the oscillations that appear in any solution of these no implicit
methods.

2 Experimental

The resolution Hesse and Rübartsch data consisting of a magnetic sextet modified by
two Gaussian distribution functions centered at 17.5 and 20 T of standard deviation
σ = 0.85 T each are reproduced [3]. The above simulated spectrum and those of
the amorphous and crystallized soft magnetic Fe77Cr2 Si5B16 alloy (S3A alloy from
Metglas) are analyzed by using the unmodified and modified Window methods [2]
and the new proposed distribution function.

3 Methodology

Present analysis assumes the thin absorber approximation where the resonance
line is a Lorentzian distribution of FWHM � = 0.194 mm/s. In the transmission
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Mössbauer set up, a broadened magnetic Mössbauer spectrum can be represented
by the Fredholm integral of the first kind as

Scalc =
∫ d

c
P (B) L6 (v, B) dB, (1)

where Scalc(v) is the calculated spectrum as a function of the relative velocity
between the absorber and Mössbauer source. L6(v, B) stands for the magnetic sextet
of normalized Lorentzian lines and P(B) is the unknown probability distribution
function of the hyperfine magnetic field B. The condition

∫ d
c P (B)dB = 1 has to be

met if quantitative information is required from the measured spectrum Sm(v).

The solution of integral equation (1) needs a carful numerical treatment because
the resulting hyperfine distribution(s) and the fitted spectrum may posses an oscil-
latory behavior due to statistical fluctuations on the experimental data set Sm(v)

or rounding errors (3, 7, 9). In order to solve this problem several regularized
algorithms are at hand. Singular Value Decomposition (SVD), Truncated Singular
Value Decomposition (TSVD), Generalized SVD (GSVD), the Tikhonov-Arsenine
regularization or the Philips-Twomey regularization methods are some of them.
The Tikhonov regularization methods are classified as zero, first and second order
regularization algorithms. Any of these algorithms regularizes the ill-posed problem
derived from the solution of integral equation (1). From the author’s perspective,
the preferred algorithm used in Mössbauer spectroscopy is the Philips-Twomey
or Tikhonov second order regularization method after proposing it by Hesse and
Rübartsch [3]. The zero and first order regularization algorithms, or the SVD, TSVD
GSVD have been little explored. The Levenberg-Marquadt (LM) algorithm, which
is the standard routine to solve non-linear problems, may also be considered as the
Tikhonov zero order regularization method, and is used in the present work. The
resulting normal equations of this algorithm may be written as

(
JT J + λLM I

)
�x = JTb , (2)

where J represents the Jacobian matrix and JT its transpose, λLM is the Levenberg-
Marquardt factor that controls the searching route to obtain the “best solution”
between the Gauss-Newton and the Steepest-Descent methods, I is the identity
matrix; λLM is an internal parameter of the computing program and one has not
to worry about it; b represents the weighted residuals between the measured data
Sm(v) and the calculated Scalc(v) ones. Expression (2) is practically the same as that
of the standard form of Tikhonov zero order regularization algorithm

(
JT J + λT I

)
�xT = JTb (3)

The goal of the Tikhonov λT factor in (2) is to provide a “smooth solution” of
the desired hyperfine P(x) distribution and of the fitted spectrum Sc(v). In this case,
the Tikhonov λT factor is user defined. Technically, the effect of both the LM and
Tikhonov factors, λLM, λT in (2) and (3), respectively, is to dampen the contributions
of small singular values in the solution of the JT J matrix.

Thus the Levenberg-Marquadt algorithm can, under certain conditions, be consid-
ered the same to the Tikhonov zero order regularization. Thus, a first introspection
of the solutions that can provide the LM algorithm is presented using several distri-
bution functions.
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Fig. 1 Hesse and Rübartsch’s data [3]. (a) A distributed sextet by (b) two Gaussian lines, centered
at 17.5 and 20 T

4 Results

4.1 Hesse and Rübartsch’s data

The resolution test data of Hesse and Rübartsch’s paper is reanalyzed. Figure 1 shows
the corresponding data of example 3. (ii) from reference [3], where a magnetic sextet
is distributed by a two Gaussian shaped functions (P(B)), centered at the magnetic
field values B = 17.5 and 20 T and having a standard deviation σ H = 0.85 T each,
as shown in Fig. 1a and b. A first observation must be made from the two Gaussian
distribution function, Fig. 1b: the plotted distribution function P(B) has two regions
of zeros as indicated by the keykets.

These zeros appear from 0.0 to 12.5 T and from 25 to 40 T. That is, the integration
limits of integral equation (1) should be c = 12.51 and d = 25.1 T only.

The recovered distribution function P(B) from Fig. 1a when applying the un-
modified Window method [3] as suggested in reference [3], using the limits c = 0 and
d = 40 in the integral equation (1), and using 15, 25 and 35 terms of the FSE, is shown
in Fig. 2. The resulting distributions have oscillations as those shown in reference (3).
The best fit is obtained when using 35 terms of the FSE but still small oscillations
are present in the resulting distribution, Fig. 2c’. A little higher oscillations appear
if the Lorentzian width of the sextet is fixed to its actual value (WL = 0.1926 mm/s
[3]). Such oscillations are removed if the c and d integral limits are, for example 12.5
and 25 T, respectively, or if they are calculated by the program as shown in Fig. 3a’,
respectively. Two presentations of the resulting distribution can be made, the typical
superimposed distribution (Fig. 3a’ and the separated one, Fig. 3b’. The squared chi
fitting criterion is improved by two orders of magnitude if the integral limits are
guessed and the distributions are separated, Fig. 3b’. In the last two cases the line
width of the sextet was also evaluated and was recalculated with zero error as shown
in the Fig. 3b’ case.
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Fig. 2 Hyperfine field distributions by Hesse and Rübartsch [3] using the Window method [2]. On
the top of each left figure the un-normalized residuals are plotted. The Lorentzian width WL was
evaluated and was not recovered

The case for which the Gaussian distribution function is replaced by a triangular
distribution function is shown in Fig. 3c’. Firstly, note that in this case a single
parameter (the number shown in parenthesis in these figures) is only required to
define a triangular distribution function. In the present case, the computing program
also requires a single parameter to produce both triangles as shown in Fig. 3c’. Thus
this triangular distribution speeds up any calculation as compared to those using
the Window or other methods. Secondly, it can be noticed from the small residuals
that this triangular distribution function is not a bad approximation to the original
Gaussian distribution function P(B). The integration limits are also evaluated by the
program and in this case the possibilities of oscillations in the fitted spectrum and
distribution are also removed.

4.2 S3A magnetic alloy

Following the above strategy, i. e. optimizing the integral limits to prevent any
spurious oscillations, the CXMS and transmission spectra of the amorphous soft
magnetic alloy S3A, treated at 50C/20’ and 430C/20’, respectively, are next analyzed.
Figure 4 shows tow typical hyperfine field distributions (HFD) from the amorphous
state of the alloy when using the unmodified [2] and modified Window methods with
6 terms of the FSE (and λc = 1.0) and 12 terms of the FSE (and λc = 1.1109), either
evaluating or fixing the intensity ratios of lines two and five (I25) of the magnetic
sextet.
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Fig. 3 Oscillations free hyperfine distributions obtained by (a) fixing the c and d integral limits, using
12 terms of the FSE, or (b) guessed using 8 terms of the FS only. The distribution can be obtained as
(a) superimposed or (b and c) separated one

A single Gaussian distribution is suggested from Fig. 4a’. A more complex distri-
bution is obtained if 12 terms of the FSE and λc is evaluated. The latter distribution
will be named as the low resolved hyperfine field distribution (LR-HFD). Whereas
Fig. 4a’ may suggest a single phase, i. e., the amorphous phase of the alloy, Fig. 4b’
might suggest a set of Fe-Cr-Si-B crystalline phases.

From the Mössbauer spectroscopy, and particularly from the LR-HFD, still
remains ambiguous if the experimental Mössbauer spectrum of metallic glasses,
like the S3A alloy, indeed originates from the amorphous phase (Fig. 4a’) or not
(Fig. 4b’).

A similar LR-HFD was reported by Le Caer and Dubois in 1979 arising from
the amorphous alloy Fe79.5Si1.5B19 [7]. As a result of this, a great deal of research
has been carried out to elucidate the local atomic structure around the iron, boron
and phosphorus atoms of these metallic glasses in order to be able to interpret the
spectral features of Fig. 4b’ suggesting the presence of crystalline material [7–14].
Nowadays is generally believed that the local structure around the boron atoms in
metallic glasses possess short-range atomic-order (SRAO) rather than short-range
atomic-disorder (SRAD). Research work in this area is still in progress to define such
a matter (13, 14). The SRAO perception came after studying 10B NMR spectroscopy
in some metallic glasses containing 10B, where sharp NMR peaks arise from different
supposedly amorphous Fe-B phases [8, 13].
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Fig. 4 (a) Fitted CXMS spectrum of the amorphous alloy using the unmodified Window’s method
(λC = 1), (a’) an unresolved hyperfine field distribution is obtained when using six terms of the
FSE. (b) Fitted CXMS spectrum of the amorphous alloy using the modified Window’s method
(λC = 1.1109), (b’) a low resolved hyperfine field distribution is obtained when using 12 terms of
the FSE

The question that arose at Le Caer and Dubois’s time (1979) was: Are real the
spectral features of the LR-HFD as shown in Fig. 4b’? or they are the product of
mathematical artifacts? As far as the author understands, these spectral features
appearing in Fig. 4b’ have not been answered quite satisfactorily.

In the present case, the mathematical artifacts (spurious oscillations) can mostly
be discharged from Fig. 4b’ due to the fact that the integral limits are optimized
and minimal oscillations would be expected. The statistical nature of the present
experimental data may also produce additional oscillations. However, this also can
be ruled out because the statistical quality of the Mössbauer data of Le Caer and
Dubois’s paper [7] is better than in the present case, and in spite of this the obtained
distributions and the fitted spectrum are practically the same as those reported by
Le Caer and Dubois [7]. In addition to this, no matter if a zero order or a second
order regularized algorithm is used. Thus, in order to give, from the Mössbauer point
of view, support to the LR-HFD structure of Fig. 4b’, the transmission Mössbauer
spectrum (TMS) of the heat treated S3A alloy at 530C/20’ was obtained, which is
shown in Fig. 5b.

This TMS was fitted using the trigonometric nth-nomial distribution function
P (x) = (aCos (πx) + bSin (πx))

n with n = 29. The resulting coefficients of this
trigonometric distribution function are evaluated as simple parameters by the pro-
gram. Take the example case for n = 2 where the resulting coefficients are: a2, 2ab,
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Fig. 5 (a) CXMS Mössbauer spectrum of the amorphous alloy fitted using the trigonometric sum
with an exponent n = 23; (b) Transmission Mössbauer spectrum of the crystallized alloy fitted using
the nth-binomial expansion distribution with n = 29

b2 and the corresponding numerical values are: 1, 2, 1, respectively, with a = 1 and
b = 1. The evaluated coefficients generally differ from the preceding whole numbers.

For comparison purposes, the fitted Mössbauer spectrum and the resulting HFD
of the amorphous alloys are also presented in Fig. 5a and a’; in this case a 23th-nomial
trigonometric function was used and a high resolved HFD (HR-HFD) is now shown
for both these cases, Fig. 5a’ and b’ having practically the same peak structure for
fields lower than 30 T. A small shift is observed between these peaks only. Is it a
coincidence such a peak matching? Or is it an evidence of the short-range atomic
structure of the amorphous state of the alloy?

Large oscillations with negative values appearing in Figs. 4 and 5b’s should not be
considered, they were enhanced in order to obtain HR distributions containing the
typical information of these alloys [14, 15]. Negative values can be eliminated but LR
distributions are obtained which are not useful for the present discussion.

Thus the LR-HFD in Fig. 4b’ may be rationalized as follows:

(i) The small broad peak at 9.25 T, peak 1 shown in the LR-HFD of Fig. 4b’, and a
first group of three peaks, gathered by curved arrows as shown in the HR-HFD
of Fig. 5b’, located at 5.47, 7.81 and 10.16 from which an average peak value of
7.81 T is obtained. This average value deviates −15.53 % the peak 1 position
in Fig. 4b’. If this average value is taken from the HR-HFD of the amorphous
material such deviation is less than 1 %. Broken lines between peaks of Figs. 4
and 5b’ show the corresponding shifts.
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