


selected elements in the compounds and have been used suc-
cessfully on similar Fe-rich metallic glasses.[12,13]

In this work, 1 μm thin-film samples of FeGaB and FeCoSiB
are investigated with respect to temperature-dependent change
in SRO during thermal annealing. As the nucleation of nanocrys-
tallites can have a dramatic effect on the mechanical and
magnetic properties,[14,15] it is necessary to understand their for-
mation to define optimal production and operation conditions for
sensors. Through an investigation with in situ XANES and
EXAFS, changes in the SRO surrounding iron atoms in the com-
pounds is determined as a function of temperature, particularly
in the region of the glass transition temperature Tg. The result-
ing information on local structural environments can be used to
deduce crystallites’ composition and relative amount.[16]

2. In Situ X-ray Absorption

2.1. Absorption Spectra

Two samples were investigated for each of the two metallic
glasses FeGaB and FeCoSiB. Figure 1 shows the normalized

absorption spectra of both materials at the investigated temper-
atures. High-temperature measurements on FeGaB include
450 and 550 °C, whereas the FeCoSiB data set contains 500 °C
instead.

The main feature in both data sets is the Fe–K absorption edge
at 7.1119 keV and the oscillations in the energy region beyond.
The FeCoSiB data further includes additional measurements of
the Co–K edge at 7.7107 keV, with an absolute height of about
one-tenth of the Fe–K edge, consistent with the amount of Fe
and Co in the compound. Energy calibration measurements at
BL10 for the Fe–K and Co–K edges with foil reference samples
show the absorption lines at 7.1131 and 7.7111 keV, revealing an
edge shift of �1.2 eV for Fe–K and �0.4 eV for Co–K in the
metallic glasses. The calibration data is itself shifted by þ1.1
and þ2.1 eV against the theoretical absorption edge positions
of 7.112 and 7.709 keV.

The amplitude of the EXAFS oscillation is different for each
absorption line. In FeGaB, oscillations with an amplitude of
≈1% of the edge height are observed, whereas FeCoSiB shows
a similar oscillation amplitude at the Co edge, but a much weaker
response at the Fe edge with less than 0.5% amplitude.

Fe-K

‒  550°C

‒  450°C

‒  350°C

‒  250°C

‒    25°C

Fe-K

Fe-K

‒  500°C

‒  350°C

‒  250°C

‒    25°C

Co-K Fe-K Co-K

‒  500°C

‒  350°C

‒  250°C

‒    25°C

Co-K Co-K

(a) (b)

(c) (d)

(e) (f)

Figure 1. a,b) Normalized absorption spectra on the Fe–K edge of FeGaB and c–f ) the Fe–K and Co–K edges of FeCoSiB. FeGaB at first displays post-
edge oscillations up to 7.4 keV in the raw data but undergoes a phase transition between 450 and 550 °C. For FeCoSiB, Fe–K oscillations are highly
suppressed and noisy, reaching only up to 7.3 keV with significantly lower amplitude while Co–K oscillations possess similar shape with high amplitude.
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Additionally, the noise level on the FeCoSiB data is significantly
higher and oscillations are suppressed 200 eV beyond either edge.
In contrast, the EXAFS oscillations on FeGaB extend 350 eV past
Fe–K, and even further in the 550 °C data. The change in the
EXAFS pattern shape at this temperature indicates a phase
transition in FeGaB to a structure with a higher degree of SRO
to MRO.

The contrast in data quality at the Fe–K edge between the two
materials is a very surprising result, as both materials have simi-
lar iron content of around 70% and were measured under iden-
tical experimental conditions. Additionally, at around 450 °C,
a phase transition from the glass phase to a semicrystalline phase
would have been expected in FeCoSiB.[11,20] The fact that the
Co–K edge clearly demonstrates a degree of local order around
Co atoms adds to the question as to why a similar response is
absent for Fe.

The low amplitude could be attributed to the two following
phenomena: first, it is plausible that a high degree of fluorescence
self-absorption by FeCoSiB acts as a source of dampening for the
EXAFS signal.[21] Second, a high degree of structural disorder

even within nearest-neighbor (NN) distances is a possible cause
of the early cutoff for oscillations. If the SRO is dominated by local
clusters with varying structure, the EXAFS response could be
weakened in the ensemble average over the sample volume.

2.2. EXAFS Spectra and Fourier Transforms

From the normalized absorption data, the EXAFS spectra χðkÞ
and their Fourier transforms χðRÞ were calculated with the
Athena software, part of the Demeter package.[18] The result
for both distributions for the FeGaB and FeCoSiB data is shown
in Figure 2. The χðRÞ distributions are displayed with partial
phase correction of the Fourier transform, subtracting the phase
shift originating from the central atom.[22] This correction shifts
the distributions in R, and aligns the peaks closer to the length
Reff of the corresponding scattering paths.

At lower temperatures, both samples only feature one domi-
nant peak in the radial distribution from Fe–K at ≈2.4 Å.
The position of this feature roughly aligns with the theoretical

25°C

250°C

350°C

450°C

550°C

25°C

250°C

350°C

450°C

550°C

25°C

250°C

350°C

500°C

25°C

250°C

350°C

500°C

25°C

250°C

350°C

500°C

25°C

250°C

350°C

500°C

(a) (b)

(c) (d)

(e) (f)

Figure 2. EXAFS spectra χðkÞ and the magnitude of their Fourier transforms χðRÞ calculated from a,b) the FeGaB and c–f ) FeCoSiB absorption spectra in
Figure 1. The Fourier transforms χðRÞ are calculated with a phase correction term, which shifts the distributions to approximately align with interatomic
distances. The theoretical bond lengths of Fe and Co to the other elements in either material are marked. Both materials show a single peak from the first
amorphous shell. Order beyond nearest-neighbor interactions appears only in FeGaB after the phase transition at 550 °C.
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bond length of Fe either to surrounding Fe atoms or the other
elements in the compounds in addition to boron, which is
expected at lower bond distance of 2.1 to 2.2 Å. This peak can
be associated to the first coordination shell around Fe atoms
in the amorphous phase.

FeGaB further shows χðRÞ contributions at distances larger
than the first shell after annealing at 550 °C. This indicates
the emergence of longer range ordering in the surroundings
of Fe atoms, that correspond to a phase transition from the glass
to an at least partially crystalline phase.

The χðRÞ distributions corresponding to the Co–K edge of
FeCoSiB exhibit the same single amorphous peak, but with
much higher magnitude and a shift in R toward a lower distance,
≈2.2 Å.

2.3. Structure Model Fitting

Further investigation of the results is possible by fitting of model
structures to the χðRÞ distributions of FeGaB and FeCoSiB.[19]

Fitting is done using the Artemis software in the Demeter pack-
age.[18] The necessary theoretical photoelectron scattering path
calculations for the different reference systems are done using
the FEFF 6 code provided with Demeter.[23] The more modern
FEFF 8 code for calculations is not currently available in
Demeter.[24]

The number of independent parametersNind that are available
to model a given data set can be determined by statistical
analysis,[25,26] which is automatically considered within Artemis.
In the crystalline FeGaB data, 19 independent parameters are
available, while the amorphous FeGaB data can support a maxi-
mum of 11. The FeCoSiB data on either absorption edge support
only 5–6 parameters individually for all temperatures; by using a
fit co-refining a combined model against the Fe–K and Co–K data
simultaneously, this can be improved to 11 free parameters
as well.

In Table 1, the components of the SRO models for these four
cases are outlined. Each column lists which scattering paths from
each reference structure were included in the final model.

The FeGaB data model was constructed from selected scatter-
ing paths of the reference structures α-Fe, FeGa3, and Fe2B. For
the semicrystalline phase after the transition at 550 °C, the model
contains all single and multiple scattering paths from α-Fe FEFF

calculation up to a cutoff radius of 5.5 Å. Similarly, all paths from
FeGa3 are included up to 4.5 Å. The Fe2B reference structure
contributes single scattering paths from the NN Fe–B and Fe–Fe
interactions.

The fits of the amorphous phases have less independent
parameters available and thus require a more constrained model.
The amorphous peak cannot easily be fitted to a model including
multiple components, since each individual reference could fit a
single peak on its own. This results in high correlations and
uncertainties. In the case of FeGaB, the fitted semicrystalline
structure can be used as a prior source of information to decide
which reference structures need to be included in the amorphous
SRO model.

The FeGaB model is adapted for the amorphous data at lower
temperatures by removing Fe2B scattering paths and lowering
the cutoff radius for α-Fe and FeGa3 to NN interactions. The
model includes the Fe–Fe NN distance from α-Fe and three
Fe–Ga NN distances of three nonequivalent Ga sites from
FeGa3. At 450 °C, an intermediary model is constructed that
includes second NN Fe–Fe single scattering paths from both
references. By excluding the longer range contributions, the
amorphous data can be described while maintaining continuity
between the crystalline and amorphous models.

FeCoSiB is modeled in a similar manner by consideration of
NN interactions. As none of the datasets exhibit ordering beyond
the first amorphous peak, it is difficult to assign multiple refer-
ence structures to the data. For this reason, to fit the Fe–K and
Co–K lines, a simple model including pure α-Fe (only Fe–K),
pure ε-Co (only Co–K), and FeCo (both edges) as base structures
is used. All contribute only NN single scattering paths, inclusion
of higher length paths negatively affects the fits. In the final
model, α-Fe and ε-Co paths have been excluded because their
amplitude consistently fitted to 0 in favor of FeCo for all
temperatures.

The fits of the described models against the χðkÞ and χðRÞ dis-
tributions from Figure 2 are displayed in Figure 3. Best fits were
selected based on the reduced χ2 and R-factor metrics.[25] R-factor
values range from 0.015 to 0.025 for FeGaB and from 0.024 to
0.062 for FeCoSiB.

A good agreement between the data and model is achieved
for all χðRÞ curves from Fe–K in the region of the first peak,
which was weighted highest. The semicrystalline FeGaB model

Table 1. Scattering paths included in the fitting models. For each reference structure, the inclusion of single scattering (SS) and multiple scattering (MS)
paths is indicated. The included range is expressed either in terms of nearest-neighbor (NN) distances or as a cutoff radius.

Reference structure 550 °C FeGaB Fe–K Amorphous FeGaB Fe–K FeCoSiB Fe–K FeCoSiB Co–K

α-Fe All SS & MS paths 1st NN Fe–Fe SS (1st NN Fe–Fe SS) –

Rmax = 5.5 Å Second NN at 450 °C Fitted to 0 –

Fe2B 1st NN Fe–B SS – – –

1st–3rd NN Fe–Fe SS – – –

FeGa3 All SS & MS paths 1st–3rd NN Fe–Ga SS – –

Rmax = 4.5 Å 1st NN Fe–Fe SS at 450 °C – –

ε-Co – – – (1st NN Co–Co SS)

– – – Fitted to 0

FeCo – – 1st NN Fe–Co SS 1st NN Co–Fe SS
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matches the data up to the maximum distance of 5.5 Å, past
which scattering paths from the references were not included
in the model.

The Co–K χðRÞ distribution from FeCoSiB is not described as
well with the FeCo model, with significant deviations visible.
Particularly striking is the fit at 350 °C, which shows significant
misalignment in R between data and model. The mismatch is
less obvious in χðkÞ, but there are phase shifts visible in the spec-
tra from 4 to 6 Å �1.

Temperature trends of two FeGaB model parameters are com-
pared against values from an iron foil reference sample at room
temperature in Figure 4. To ensure the accuracy of the reference
values, Fe foil EXAFS data was sourced from the RefXAS
database and fitted to pure α-Fe structure to obtain values for
αFe and σ

2
Fe.

[27,28]

The relative lattice expansion αFe and the mean square dis-
placement σ2Fe of neighboring Fe atoms are the two parameters
which apply to both crystalline and amorphous phases. The αFe

data indicates that Fe–Fe distances are stretched by 3.3% in the
glass phase without annealing, but gradually tend toward lower

expansion after exposure to higher annealing temperatures. With
the phase transition, the lattice expansion decreases rapidly to a
near-zero value, which is expected for a (partially) crystalline
solid. The error bar of 0.008 in relative expansion αFe scales with
Reff for the absolute uncertainty ΔR. For the main peak at 2.2 to
2.4 Å in all data sets, this corresponds to an error of 0.02 Å. The
mean square displacement declines more gradually toward val-
ues typical for crystalline Fe reference samples.

Both trends suggest that even before the phase transition,
there is significant structural reorganization within the material
during annealing. This observation is consistent with annealing
studies on similar iron-rich metallic glasses,[29,30] which find
changes in magnetic properties like the Curie temperature, coer-
cive field, or saturation magnetization as a function of annealing
temperature and time.

In the case of FeCoSiB, the data is limited to the amorphous
phase, and a suitable model for SRO cannot be constructed from
a crystalline structure. As a consequence, a number of different
descriptions with nearly equivalent fit quality are possible. The
simple model of FeCo is able to describe both the Fe–K and

25°C

250°C

350°C

450°C

550°C

× Data

‒ Fit

25°C

250°C

350°C

500°C

× Data

‒ Fit

25°C

250°C

350°C

500°C

× Data

‒ Fit

(a) (b)

(c) (d)

(e) (f)

Figure 3. Structural fits of a,b) the k3χðkÞ and χðRÞ distributions of FeGaB and c,d) FeCoSiB Fe–K and e,f ) Co–K. Fits match the data from the Fe–K
absorption edge for all temperatures, but the Co–K edge in FeCoSiB is not as well described by the used FeCo model. The 350 °C data is particularly
mismatched with a visible peak displacement between data and fit.
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Co–K χðRÞ data in Figure 3 to a certain extent. The low signal to
noise ratio in all FeCoSiB additionally causes parameter correla-
tions and high relative uncertainties in the order of 100% of the
fit results. It is therefore only possible to conclude the predomi-
nance of Fe atoms in the SRO of Fe and Co in FeCoSiB. Without
further investigations, no other statistically significant conclu-
sions can be drawn.

3. Conclusion

The in situ investigation of the metallic glasses FeCoSiB and
FeGaB with EXAFS has revealed a significant contrast in two
similar samples under identical experimental conditions. The
experiment demonstrates that both materials are possible candi-
dates for the use in biomagnetic field sensors based on their
structural stability under thermal annealing. Studies of the
atomic structure, for example, via X-ray diffraction and transmis-
sion electron microscopy, in combination with in situ character-
ization of the magnetic properties will further illuminate the role
of structure in sensor functionality.

A phase transition was unambiguously observed in FeGaB
between 450 and 550 °C. By modeling the SRO and MRO, the
transition was identified as one from the initial glass state to
a semicrystalline phase, in which α-Fe and FeGa3 contribute
MRO scattering and Fe–B NN distances appear. Via tracking
key parameters as a function of temperature, more subtle struc-
tural changes like a gradual lattice relaxation with annealing tem-
perature were discovered. These observations correlate to typical
changes in the magnetic properties of metallic glasses during
annealing below Tg, e.g., changes in Curie temperature or coer-
cive field.[29,30]

FeCoSiB exhibited a strongly suppressed EXAFS response at
the Fe–K edge, limiting the possibilities for modeling of the
structure. Despite a phase transition being expected at 450 °C,
the data showed only the first amorphous peak over the investi-
gated temperature range. Using co-refinement of the EXAFS data
obtained from the Fe–K and Co–K absorption lines, a model
based on NN distances in FeCo was used to describe the SRO
around Fe and Co atoms. The reason for the weak EXAFS at
Fe–K in this sample is an open question that requires further

investigation. Potential avenues for further studies are for exam-
ple an ex situ measurement of pre-annealed FeCoSiB foils, or
experiments under cryogenic conditions.

4. Experimental Section

Sample Production: Metallic glass film samples were produced by
radio frequency (RF) sputtering under low-pressure argon atmosphere.
A 10� 10� 1mm substrate of fused silica was first prepared with a
10 nm thin layer of tantalum as an adhesive before deposition of 1 μm
of metallic glass. The FeGaB films were produced in collaboration with
the group of Nian Sun at Northwestern University of Boston using
co-deposition of Fe80Ga20 and B in a confocal sputtering chamber.[9,10]

The FeCoSiB films were produced at Kiel University by RF sputtering of
a mixed-element ðFe90Co10Þ78Si12B10 target in a planar sputtering cham-
ber.[11] Sputtering times were adjusted from[11] to enable 50 nm deposition
cycles with the same cooling times. All samples were sealed under inert
gas atmosphere immediately after production to avoid contact with oxygen
and moisture, as both materials are extremely sensitive to corrosion.[9,11]

Measurement Setup and Procedure: The in situ EXAFS measurements
were conducted at beamline BL10 at the second-generation synchrotron
radiation source DELTA.[17] The wiggler provided a white X-ray beam,
from which energies in the range between 4 and 16 keV could be
selected via a Si (1 1 1) monochromator. Incident and transmitted
X-ray intensity were monitored by N 2 ionization chambers directly before
and after the sample stage. The photon flux at the sample position was a
≈3 ⋅ 109 photons s�1mm�2. The Si (1 1 1) suppressed the second har-
monic of a selected energy, and the effect of higher harmonics was
reduced via a combination of the limited emission from the wiggler source
and low absorption in the ionization chambers at high energy giving an
estimated value for the harmonic suppression of at least 5 ⋅ 10�3.[17] The
sample environment was an Anton Paar in situ heating cell (DHS1100),
which allowed for heating up to 600 °C under rough vacuum of ≈1mbar.
The vacuum served to reduce exposure of the metallic glass films to oxy-
gen and thereby prevent sample oxidation. For energy calibration of the
monochromator, foil reference samples of Fe and Co were used to define
the energy at the Fe–K and Co–K edges. The absorption spectra of the foils
were measured in transmission geometry using the second ionization
chamber directly behind the foils. Metallic glass thin-film samples were
placed at an inclination of 5° to ensure full illumination with the
1� 4.5mm (v� h) beam at a flux of about 1010 photons s�1. The resulting
X-ray fluorescence was measured using a large area passivated implanted
planar silicon detector placed above the cell as close as possible to the
sample. Absorption spectra were recorded by variation of the incident pho-
ton energy, ranging from 200 eV below to 650 eV above the Fe–K edge at

Fe Reference

Fe Reference

(a) (b)

Figure 4. a) Change in relative strain αFe and b) mean square displacement σ2Fe of Fe─Fe bonds in FeGaB as a function of temperature. Marked in red are
the corresponding values obtained from an iron reference sample (data sourced from the RefXAS database[27,28]). The drop of α to near 0 coincides with
the observed FeGaB phase transition. The gradual decrease of both parameters shows that reordering processes toward a more uniform SRO occur in
FeGaB even before the crystallization.
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7.112 keV and Co–K edge at 7.709 keV, with appropriate integration time
and spacing between the individual data points.

The film samples were annealed at a constant rate of 20 °Cmin�1 up to
a target temperature and held there for 10–15min to reach thermal equi-
librium. Afterward, the sample was cooled down before measuring an
absorption spectrum to avoid thermal broadening of the interference pat-
terns above the absorption edge. The same sample was then heated back
up to the next highest target temperature. Investigated temperatures were
in the range from 25 to 550 °C for FeGaB and 25 to 500 °C for FeCoSiB. The
thin-film samples always retained damage after exposure to temperatures
higher than 500 °C and subsequent cooling, with delamination of the films
from their substrate likely induced by partial crystallization. This limited
the access to data at high temperatures, as samples could only be treated
once with elevated temperature before becoming damaged.

Data Processing: The raw signal from the fluorescence detector was nor-
malized to the incident intensity, measured via an ionization chamber.
A number of single energy points were filtered out from all data sets using
a Python script; a consistent down spike in incident flux was observed at
these points, which could not be fully corrected by normalization. Further
processing was done using the Demeter software for EXAFS analysis.[18]

The fluorescence curves μðEÞ were normalized with linear functions
before and far past the Fe–K edge to ensure a step from 0 to 1. The
EXAFS oscillations were then isolated from the background via a spline
function; this allowed for conversion of the data from energy space to
reciprocal space via Equation (1), with the electron mass me and the
reduced Planck constant ℏ ¼ h

2π. The energy constant E0 therein was
the nominal position of the absorption edge with photoelectron wave vec-
tor k ¼ 0

kðEÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2me

ℏ
2 ðE � E0Þ

r

(1)

The reciprocal space spectra χðkÞ obtained thorough this conversion
were then further processed by weighted Fourier transformation. As a
weighting function the terms k1, k2 and k3 were used, where the
higher-order weights served to amplify contributions at higher k. The result
of the transformation was the complex distribution χðRÞ, with R being half
the path length of a scattered photoelectron. The shape of this distribution
was influenced by many parameters of the extraction process, but its mag-
nitude could serve an indicator at which distances from a central atom
other atoms were positioned on average. Therefore, it contained informa-
tion about the average SRO and environment around atoms of the absorb-
ing species. As the structure was probed by the photoelectron interaction,
the accessible information was limited to the short-range regime due to
the mean free path of photoelectrons.

The EXAFS spectra χðkÞ and their Fourier transforms χðRÞ could be
compared against a theoretical model to extract structural parameters.
Ab initio calculations of photoelectron scattering paths were based on
ideal reference structures, and a model was built up as a linear combina-
tion of such paths from a set of possible reference structures.[19]

Individual paths were defined by four empirical fitting parameters:
S20 and ΔE account for scaling of the paths and a shift in E0, respectively,
and usually were global across all parts of the model. The other parameters
ΔR and σ2 were specific to each path.ΔR describes the length difference of
a scattering path relative to its theoretical value Reff . Finally, σ2 is the
parameter for the mean square displacement of scattering atoms on a
path, including contributions from static and dynamic disorder in the
material.

In the scope of this work, S20 was further modified by an amplitude fac-
tor Aγ for all scattering paths originating from one reference structure γ.
These factors were normalized to sum to 1 across all used references,
ensuring that they acted as linear combination weights. ΔR was similarly
calculated as a combination of a path’s effective length Reff and a param-
eter αγ specific to the structure γ via ΔR ¼ αγ ⋅ Reff . This approach mod-
eled isotropic lattice expansion or compression versus the reference with
coefficient αγ . The σ

2 parameters were constrained by assigning one to
each element present in the reference structure, e.g., in the case of

FeCo leading to two parameters σ2Fe and σ
2
Co. In the case of multiple scat-

tering paths with different elements involved, the corresponding
σ
2 value was calculated as a geometric mean of the contributing

elements. In total, each reference structure included in a model required
4–6 independent parameters, depending on the number of different ele-
ments in it.

The parameterized model was then fitted against the experimental data
of χðRÞ. To stabilize the fit against processing artifacts introduced by the
extraction and transformation, a fit used the different distributions χðRÞ
calculated with first-, second-, and third-order k-weights simultaneously
and searched for a global optimum across all three distributions. The pos-
sible model complexity was limited by the typically low number of statisti-
cally independent parameters,[19] which depended heavily on the energy
range and quality of the experimental absorption spectra.
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