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Abstract

A unique method is presented for the acquisition and analysis of °’Fe backscatter Mossbauer
spectra with simultaneous detection of the resonant 14.4 keV ~-rays and the characteristic

6.4 keV x-rays, using a custom-built multi-parameter analyser constructed on the basis of
commercial analogue to digital converters and high-speed digital latches. The system allows for
the simultaneous registration of Doppler-modulation velocities and photon energies, with up to
4096 and 8192 digital channels respectively. This arrangement is in contrast to most related
systems, which detect at a single narrow energy window per detector. Samples of arbitrary
atomic structure, morphology and surface topography can be studied without altering the setup
or the analysis procedure, provided that the samples are at least micrometre sized. The hardware
and software that are used to acquire data with minimal dead time are described and the custom
and self-contained methods for post-measurement energy discrimination, background correction
and velocity-axis folding are discussed. The data are fit using a general Hamiltonian model for
the nuclear energy levels of >’Fe and a quantum mechanical description of the angular
momentum coupling is utilised, with consideration of the crystalline and chemical disorder of
the sample under examination. Three examples of distinct magnetic systems, with thicknesses
ranging from 5 pm to 6 mm, that were studied using this method are presented, these are: an
amorphous CoFeB-based ribbon with ultra-soft coercivity for high-frequency applications,
magnetically hard Nd-Fe-B thick films on Si substrates, examined in both as-deposited and
annealed states, and a sample from the nickel-rich iron meteorite NWA 6259 that contains the
atomically ordered, elevated coercivity, L1, phase of FeNi, tetrataenite.

* Authors to whom any correspondence should be addressed.

Original Content from this work may be used under the

5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1361-6501/24/025503+12$33.00 1 © 2023 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/1361-6501/ad044b
https://orcid.org/0000-0001-5024-0596
https://orcid.org/0000-0001-9878-2546
https://orcid.org/0000-0002-6377-3524
https://orcid.org/0000-0003-0402-0992
https://orcid.org/0000-0002-6552-3481
https://orcid.org/0000-0002-8132-3033
mailto:obriej25@tcd.ie
mailto:stamenop@tcd.ie
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6501/ad044b&domain=pdf&date_stamp=2023-11-8
https://creativecommons.org/licenses/by/4.0/

Meas. Sci. Technol. 35 (2024) 025503

J O'Brien et al

The wide applicability and usefulness of this method is thus demonstrated on three distinct
sample morphologies that required little to no surface preparation prior to examination.

Supplementary material for this article is available online

Keywords: backscatter Mossbauer spectroscopy, conversion x-ray Mossbauer spectroscopy,
multi-parameter analysis, energy-resolved detection, iron fluorescence, full-Hamiltonian fitting,

atomic crystalline order

1. Introduction

The underlying theory of the Mossbauer effect and the details
of the Mossbauer spectroscopy (MS) technique are presen-
ted in detail in the literature [1, 2], we reiterate some of the
theoretical aspects in the supplementary material. The basic
process in the case of 3’Fe involves the Doppler-modulation
of 14.4 keV photons emitted by a radioactive >’Co source as
it decays to’’Fe, to measure hyperfine shifts in the nuclear
energy levels of the naturally occurring >’Fe in a sample, see
figure 1, with the practical implementation varying depend-
ing on the specific application. The narrow natural linewidths
(T'p = 5 neV) of the nuclear energy levels lead to a startling
relative sensitivity of the technique approaching 10'2.

In classic transmission MS (TMS), the absorption of the
14.4 keV photons constitutes the signal, with a number of
troughs in the signal where the Doppler-shifted energy of
the photon from the oscillating source matches the hyper-
fine split nuclear enegry sub-levels of the >’Fe nuclei in the
sample. Backscatter MS (BSMS) records the emission from
the 3'Fe nuclei in the sample in the backwards direction
after they have been excited by the ~-ray from the source.
Re-emission of the 14.4 keV ~-ray can be measured, but
the ’Fe nuclei can also eject inner-shell electrons through
internal conversion processes [3, §9.5] and the accompany-
ing characteristic x-rays, illustrated in figure 2. In fact, for
5TFe, 90% of excited nuclei decay by internal conversion [4].
Measurement of conversion electron MS (CEMS) or conver-
sion x-ray MS (CXMS) are both common alternatives to tra-
ditional Mossbauer, advantages include the ability to measure
otherwise prohibitively thick samples and surface sensitivity,
particularly in the case of CEMS. The surface sensitivity of
CEMS does require some degree of surface preparation of the
sample to obtain proper results, limiting the applicability of
this version of MS. Simultaneous measurement of the backs-
cattered ~y-rays and x-rays has most notably been performed
by Klingelhofer and the MIMOS group [5], with their spec-
trometer being used to investigate paint composition in ancient
Greek pottery [6] and the composition of rocks on Mars (in-
situ) [7], among other interesting applications. Simultaneous
CEMS, CXMS and TMS has also been performed, requiring
a unique setup to accommodate the three detectors [8].

In this work, rather than recording specific decay products
at discrete energies, we record the entire fluorescence spec-
trum of the 3’Fe nuclei in the sample, as a function of
the Doppler-modulation velocity, resulting in a 2D data

matrix. The continuous energy range recorded includes the
characteristic x-rays and y-rays, as well as the plethora of non-
resonant photons. This 2D approach was first described by
Maltsev et al [9] and first used in the backscatter geometry
very recently by Jahns ef al [10]. Recording the entire fluor-
escence spectrum allows for optimal post-acquisition energy
discrimination and background correction, as well as a degree
of surface sensitivity, without the sample-preparation require-
ments of CEMS, while the use of a single detector renders the
alteration of the geometry to elucidate the hyperfine field dir-
ection trivial. The apparatus and the steps employed in the data
analysis are described in detail in the following section. Three
distinct examples of the technique in action are described to
showcase its effectiveness and wide applicability, conferring
far more accessibility to this type of materials probe than pre-
viously available.

2. Methods

2.1 Apparatus geometry

In our novel system, described in detail in this section, data are
collected in the backscatter geometry [11] with the source and
the detector on the same side of the absorber as in figure 3.
The absolute signal intensity collected in the backscatter
geometry is reduced relative to that measured in the transmis-
sion geometry due to the multitude of de-excitation routes for
the >’Fe nuclei and their spatially isotropic fluorescence. As
an illustrative example, when natural a-Fe is probed in the
transmission geometry at normal incidence, a maximum rel-
ative intensity of the MS signal of about 27% can be readily
achieved. This value may be compared to a maximum conver-
sion of about 20% when a-Fe is probed in the backscatter geo-
metry with an incidence angle of the source photons w.r.t. the
surface normal of A, ~ 45°. However, the multiple advantages
conferred by virtue of having information in the complete 2D
(energy and velocity) variable space should not be understated.
One advantage is the ability to correct the background sig-
nal using photons that have been detected with off-resonance
energies. In a typical acquisition scenario, the off-resonance
photons can be a few times more numerous than their reson-
ant counterparts (in unenriched and dilute specimens), allow-
ing for a substantially more accurate subtraction of the back-
ground as a function of the velocity. The shape of the back-
ground depends primarily on the variation of the steric angles
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Figure 1. Typical hyperfine splitting of >’Fe MS, with splitting
greatly exaggerated. Reproduced with permission from [12].

from which the source and detector ‘see’ the sample surface
as the drive oscillates. A second advantage is the depth sens-
itivity provided by the different mean free paths of the res-
onant vy-rays and characteristic x-rays: Fleischer et al found
that the maximum experimentally resolvable depth of reson-
ant photons emitted from an Fe foil was below 50 um for the
14.4 keV ~-rays and was roughly 20 um for the 6.4 keV x-
rays [7], corresponding to 3-5 times the photon absorption
length at the specific energy. As this depth sensitivity cannot
be accurately computed analytically, for any realistic sample
containing multiple fluorescent and scattering species, com-
prehensive Monte Carlo simulations should be performed for
each specific material and measurement geometry that is being
investigated. The resolution varies substantially as a function
of the angle of incidence of the primary photons and can reach
individual micrometres. When compared with CEMS and its
depth-selective version (which can and has been performed
with the same acquisition electronics and a different detector
in our setup), depth sensitivity can be as high as 10 s of nano-
metres. While these two electron-based techniques have pro-
found requirements for surface roughness, CXMS and BSMS
have no substantial requirements for sample surface prepara-
tion. Often macroscopically rough and completely untreated
surfaces can be measured successfully, as well as surfaces
covered by passivation layers or with polymer protection films.
Finally, in contrast to TMS, thick (e.g. > 0.1 mm for «a-Fe)
undiluted samples can be probed (to a certain depth) because
the source y-rays do not need to pass through the absorber.
For calibration, we use an unenriched «-Fe slab. The
measured linewidths for transmission spectra were I' =
0.141 mms~! and I' = 0.172 mm s~ for the inner four and
outer two peaks respectively, close to the natural linewidth.
When the same sample was measured for calibration in the
backscatter geometry, linewidths of I' = 0.156 mm s~! and
I' =0.188 mm s~! were obtained for the inner four and outer
two peaks, respectively. The linewidths are broader in the
backscatter case primarily due to the increased steric angle
from which the source and detector ‘see’ the sample. The
14.4 keV energy band is always used for the calibration spec-
trum in BSMS. Throughout the methods section, the data used
as examples are various calibration spectra from «-Fe. Unless
very short (minutes) times for the acquisition of calibration

Conversion Electrons:
K: 7.3 (81%)
L: 13.6 (9%)
M: 14.3 (1%)

Units: keV
unless specified

Absorber

Auger Electrons:

KLL: = 5.5
14.4 4 LMM: = 0.6
< MMM: <15eV
0~ Shake-off
Source

14.4keV y-rays (9%)
Characteristic X-rays
(K, 6.4keV)

Figure 2. Production of 14.4 keV ~y-rays from a >’ Co nucleus with
absorber products illustrated. Reproduced from [13]. CC BY 4.0.

Lead

Shield Detector

Figure 3. Typical backscatter geometry of the Mdssbauer apparatus
describe here, where we defined A as the angle of incidence w.r.t.
the surface normal. Minimal (graded) Pb shielding is used to allow
for the reduction of the sample-detector distance.
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Figure 4. A block diagram showing the key components of the
backscatter setup.

spectra are desirable, such as on the surface of Mars [5], the use
of highly-enriched 3’ Fe is not advisable for calibration as addi-
tional broadening due to secondary absorption and Compton
scattering, among other effects, becomes non-negligible.

2.2. Data Acquisition

In this section, the setup apparatus for data acquisition will be
briefly described. A block diagram for the system is shown
in figure 4. A source consisting of 3’Co embedded in a Rh
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matrix produces the -rays used to probe the first energy-
level transition of 3’Fe. This source is engineered to maxim-
ise the phonon-free fraction and minimise the magnetic field
and electric field gradient at the source nucleus [14]. 5TCo
decays to excited >’Fe* by electron capture with a half-life of
T2 =272 d and STFe* then de-excites to its ground state,
emitting the aforementioned 14.4 keV ~v-ray in the process
and exhibiting the Mossbauer effect [4]. In our apparatus the
radioactivity of the source was A ~ 2 GBq when purchased,
but after roughly five years this has fallen to A =~ 0.02 GBq,
meaning significantly more time is required to obtain suffi-
cient statistics, until the source is replaced.

The Mossbauer drive system consists of a function gen-
erator (FG) and a reciprocating linear motor on which the
source is mounted. The FG produces an f ~ 25 Hz triangu-
lar wave signal that drives the transducer with constant accel-
eration within the linear permanent magnet motor. A posi-
tional feedback loop is incorporated that corrects discrepan-
cies between the FG signal and the actual motion of the drive,
see figure 5(c). The FG has ‘start’ and ‘channel’ digital sig-
nals which reset or increment a counter chip in the multi-
parameter analyser (MPA), respectively. The FG can utilise
up to 4096 digital discretisation channels without impacting
the MPA’s dead time, but typically only 512 channels are
used, as high-resolution velocity is rarely worth the memory
space and processing time [15]. The source oscillates at around
10 mm s~ for ’Fe MS.

The absorber must be placed as close as possible to the
detector to maximise the solid angle of the absorber’s iso-
tropic emissions incident on the detector window, figure 3.
This proximity has bearing on the necessary background and
geometry corrections, as will be discussed in section 2.3.
Thin Pb shielding is used between the source and detector,
with suitably thick chevroned Pb bricks surrounding the entire
apparatus.

A Xe/CO, proportional counter is used as the detector [16],
operated at a high voltage between 1.5 kV and 2.0 kV, depend-
ing on whether maximum efficiency or maximum resolution is
desired. The Townsend Avalanche of electrons [17], following
an initial ionisation by a photon, provides a built-in amplific-
ation of the electronic signal, which allows the detection of
individual photons. The magnitude of the current pulse thus
produced is proportional to the energy of the ionising photons.
This detector type has a relative energy resolution of 10%—
15%, confirmed by fitting the fluorescence spectrum of a cal-
ibration sample, see figure 6(a).

The current pulses from the detector are first amplified by
a charge-sensitive pre-amplifier with a gain of 30 dB before
being further amplified by a variable-gain shaping-amplifier
(with a typical gain of between 10 dB and 20 dB and shap-
ing time between 0.1 ps and 1 us). These pulses are then
digitised by a fast analogue-to-digital converter (ADC) with
a maximum resolution of 8192 digital channels (13 binary
bits), but resolution this high is not necessary given the energy
resolution of the detector and typically only the most signi-
ficant 10 bits (1024 channels) are used to reduce the dead
time from the Y A-integration in the analogue-to-digital con-
version process. The ADC provides analogue upper and lower

- Error

54441

LN

Figure 5. The electronics: Nuclear instruments module (NIM) rack
which powers the drive units, amplifiers and ADCs for two setups;
an overhead view of the MPA showing the connections and an
oscilloscope that tracks the triangular wave from the FG and
feedback signal from the drive.

discrimination thresholds on the energy, which is key to min-
imising the dead time by bypassing the cascade of low-energy
excitations and high-energy cosmic or *“’K-related photons.
The digitised pulse height, proportional to photon energy, is
then passed on to the MPA.

The custom-built MPA is at the heart of the setup and con-
sists of a timer-counter chip and an array of high-speed digital
latches arranged into 8-bit blocks. The aforementioned FG sig-
nals control the counter, with the 512-channel digital velocity
value stored in 9 bits. The 10-bit signal from the ADC, encod-
ing the photon energy, is similarly stored. The MPA interfaces
with the PC via three IEEE-1284 standard cables, each nom-
inally capable of 8-bit parallel data transmission (up to five
of these can be accommodated in principle, providing 40-bit
maximal depth). An additional three or four bits are reserved
for legacy hardware reasons with these types of connectors.
Through low-level (Assembly) coding, the reserved bits can
be utilised for data transmission, providing a theoretical 60-
bit maximal depth.

The system is controlled by a computer with an Intel
Pentium 4 processor (2.8 GHz) running Windows 98: the
MPA latches are controlled by custom-written Assembly and
C code, running on CPU interrupts (which precede the oper-
ating system interrupts), this feature is not readily achiev-
able on modern computer operating systems. Data are read
from the MPA using three IEEE-1284 connectors plugged into
three (again, up to five) ‘Extended Capability Ports’ on the
PC, which offer bi-directional parallel data transfer and direct
memory access. Data for each detector event are read directly
into the CPU’s L1-cache prior to being buffered in DRAM and
are finally written to the hard drive. A rough outline of the data
flow is illustrated in figure 7. The described combination of
equipment allows for a tested maximum acquisition speed of
order 100 kHz with 4 K velocity and 8 K energy resolution,
respectively.

The front-end interface is written in LabView™ and runs
concurrently with the data acquisition. The data contain the
time of detection, the drive velocity at the time of detection
and the photon energy, for each photon that enters the detector.
The data are read from the hard drive and each detection event
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Figure 6. (a) The raw data summed over the velocity axis
(fluorescence spectrum) with contributions fit using Gaussian
profiles, before the geometry was optimised to remove Pb. (b) The
data summed over the energy axis, clearly showing the resonant
peaks and systematic background before any processing has been
performed.
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FG:  Function Generator
ADC: Analogue-Digital Converter
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Figure 7. Bus diagram showing the flow of post-digitisation data in
the setup.

is binned by its energy and velocity values, resulting in a typic-
ally 1024 x 512 matrix, or histogram. The raw data (figure 8),
as well as the averages over the energy and velocity axes of the
matrix (figure 6), are displayed in real time to ensure that the
discrimination thresholds are set optimally, to determine when
sufficient data have been collected and to allow a user determ-
ination of the signal-to-noise ratio (SNR) as data acquisition
progresses.

2.3. Data pre-processing

Within each energy channel, the middle 20 velocity values
are used to normalise the data. These central values corres-
pond to the minimum velocity of the source (bottom of the
triangular wave), where the Doppler-shifted energies are far
from the resonant energies, which are observed at intermedi-
ate velocities. This normalisation thereby emphasises the res-
onant MS signal. The minimum velocity region is illustrated

F 4.0 —
o0
F3.8 o
L |75}
3.6 £
3.4 5
O
P

Figure 8. The 3D view of the raw data which is displayed
concurrently to acquisition, showing the low-energy region
(150/1024 channels). The x-ray and ~-ray peaks are clearly visible,
as well as the velocity resonances, for this calibration sample.

Energy (Chan)
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Figure 9. (a) The raw data in the low-energy region with the
minimum velocity, off-resonance channels denoted. (b) The
normalised data with the x-ray, y-ray and background energy
regions denoted. (c) The three spectra obtained from the energy
discrimination process.

in figure 9(a). The data after normalisation are shown in
figure 9(b).

To isolate the resonant signals of the characteristic x-rays
and ~y-rays from the non-resonant background, the energy dis-
crimination bands are manually optimised such that the SNR
is maximised; these bands are illustrated in figure 9(b). As a
general rule of thumb, the bands extend £10 energy channels
either side of the resonant peaks at 6.4 keV and 14.4 keV,
but can depend on the sample peculiarities. In particular, Cr,
Mn, Co, Ni and Cu emit K, x-rays with energies in the range
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Figure 10. Calibration spectrum and determination of the folding
point in the velocity axis by identifying the intersection of lines fit to
the positive and negative acceleration regions.

5-8 keV, while the rare-earth elements emit L x-rays in the
similar energy range 5-9 keV. Therefore specimens under
examination which contain any of the aforementioned ele-
ments may benefit from more aggressive energy discrimina-
tion. In addition, the L,, absorption edge of Pb is at 10.5 keV,
a value that lies between the two resonant energies. It is there-
fore imperative to optimise the geometry of the setup such
that the Pb shielding does not overly contaminate the resultant
spectrum. Lastly, as the detector contains Xe gas with an anode
wire of Au and W, fluorescence from these elements will also
be produced, but at energies that are higher than those relevant
for MS, see figure 6(a).

A background contribution is present in the overall sig-
nal that varies quasi-sinusoidally with velocity. This back-
ground signal is due to the relative motion of the source:
when the source is closer to the absorber, more photons hit
the absorber and at steeper angles. This trend can clearly be
seen in figure 9(c), where the isolated background signal is fit
with a second-order sinusoid and subtracted from the resonant
data. This very natural and effective method of removing the
background signal would not be possible without recording the
entire energy range and isolating relevant regions.

The velocity channels are converted to units of mm s~
using data obtained from a calibration sample of natural a-
Fe. The theoretical peak positions for a-Fe are well known;
fitting two straight lines to the measured peak positions as a
function of the predicted positions yields the conversion, see
figure 10. Unique slopes must be used for the positive and neg-
ative acceleration components of the source motion because
physically different bipolar transistors control these aspects.
In this manner the centre point, or folding axis, of the velo-
city axis is determined with resolution better than one discreet
channel and the positive and negative acceleration spectra can
be averaged without spuriously broadening the peaks. The cal-
ibration must be repeated whenever the source environment is
altered in any way.

1

2.4. Model

Our ab initio mathematical model for fitting the Mossbauer
data is derived from a full Hamiltonian description of the

nuclear sub-levels with coupling to the multipole field of
the incoming ~-rays from the source, with pseudo-Voigt pro-
files used to account for various sources of broadening. The
detailed derivation of the model and its implications are dis-
cussed in the supplementary materials. In the usual case of a
homogeneously magnetised absorber, the formula used to rep-
resent the observed intensity / of the Mdssbauer signal can be
denoted by the function:

I=C 'SC(va‘agan(stvBhfae) + .

In the above equation, I', o and y are the Lorentzian width,
Gaussian width and mixing ratio of the pseudo-Voigt profiles,
respectively, encompassing the various sources of peak width
such as the natural linewidth and crystal disorder. §, Q and By
are the isomer shift, effective quadrupole moment and mag-
netic hyperfine field at the nucleus, respectively. © is the polar
angle describing the direction of emission of the source ~y-rays,
127, with respect to the magnetic hyperfine field Bys. C; and C;
are scaling constants.

The parameter O is key to investigating the magnetic orient-
ation within a sample. In an STFe MS sextet, the relative areas
of peaks 2 and 5 vary with © as x = 4sin*(0) /(1 4 cos?(9)),
where the peak intensity ratios are 3:x:1:1:x:3. For magnetic-
ally isotropic absorbers, the model is integrated with respect
to © and x =2. For more detail on how the relative areas of
the peaks yield information about magnetic orientation, refer
to the supplementary material.

For single crystals with substantial structural and chemical
disorder, it does not make sense to use a single value for the
hyperfine parameters as the °’Fe nuclei will exist in a variety
of distinct local environments. In this case a ‘By-broadened’
or ‘Q-broadened’ model is used, where the spectrum is repres-
ented as a sum of contributions with the hyperfine parameter
in question chosen from a continuous Gaussian distribution
of values, with the width of the distribution dependent on the
degree of atomic disorder [18]. The By¢-broadened model res-
ults in a peak broadening that is proportional to the velocity
of the source, while the broadening due to a distribution of
Q values is constant, allowing one to visually decide which
approach is more suitable (or indeed use both).

2.4.1. Regression.  When the data have been fully pre-
processed, the constituent x-ray and ~-ray spectra are con-
sidered individually and the appropriate fitting model is
chosen from those described in section 2.4. The model is fit to
the data using a least-squares non-linear regression algorithm
for the input parameters. The experimentalist’s algorithm of
choice can be used, but we prefer a basic iterative grid-search
for most cases, where we can specify strict boundaries for the
parameters and fit them individually in order of physical relev-
ance. The steps in the algorithm are given in the supplementary
material.

3. Examples of application

In this section, the earlier-described Mossbauer data collection
and analysis approach has been applied to three unique forms
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of magnetic material: an amorphous CoFeB-based ribbon, Nd-
Fe-B thick films and a slab of an iron-nickel meteorite. These
samples have been chosen as they are examples of form factors
which are either better suited to BSMS and CXMS or simply
impossible to measure in the transmission geometry. When
measuring in the backscatter geometry, only one side of a
planar sample is accessible at a time and it is important to know
to what depth the sample is probed. The 50 wm and 20 um val-
ues mentioned in section 2.1 were estimated by Fleischer et al
[7] as the maximum escape depths for 14.4 keV and 6.4 keV
photons, with good SNR and distinct shapes of the Mdssbauer
spectra, originating from an Fe foil surface layer and an Fe-
containing substrate layer respectively, at normal incidence.
Although the materials investigated all have a similar dens-
ity and mass-energy absorption length to pure Fe, the pres-
ence of additional fluorescence contributions in conjunction
with disorder in the local Fe environments degrades the sig-
nal. Thus the resolvable depth of information collected from
these samples is assumed to be 50% less than that estimated by
Fleischer. For the average (close to the most probable) depth
probed, we assume the values to be halved again so the depths
probed by the y-rays and x-rays are approximately 13 wm and
5 um at normal incidence. These values can then naively be
reduced by the cosine of the angle of incidence with respect
to the surface normal. More accurate estimates can, in prin-
cipal, be obtained via Monte Carlo simulations of the photon
absorption and detection processes for arbitrary angle of incid-
ence. Here we have not performed these as no publicly avail-
able code exists and the examples referenced by Fleischer et al
[7] are only for normal incidence.

3.1. Amorphous CoFeB-Based Ribbon

Power conversion electronics typically involve magnetic-core
inductors that are operated at high frequencies, up to 500 kHz.
In order to minimise losses, ultra-soft magnetic materials with
minimal coercivity but appreciable saturation magnetisation
are desired. One such class of materials recently shown to sat-
isfy these conditions is melt-spun amorphous CoFeB-based
alloys [19]. An example composition of this material was stud-
ied using the BSMS technique.

3.1.1. Sample description.  The sample studied was a melt-
spun ribbon of dimension 12 pum thick by approximately 2 mm
wide, of nominal composition Coys sFes 5Byg. This material
was produced by injecting a molten arc-melted precursor onto
a rapidly rotating Cu wheel (outer rim velocity v ~ 80 m s~ 1).
As the wheel side (WS) of the resultant amorphous ribbon, in
contact with the Cu wheel, cools via conduction much more
rapidly than the free side (FS) cools in contact with the quench-
ing atmosphere, the FS can, in principal, more readily facilit-
ate partial crystallisation of the alloy. In preparation for MS, a
mosaic sample was assembled out of / ~ 2 cm long segments
of ribbon that were taped together using transparent adhesive
tape. The sample was placed in the beam path such that the
long axes of the ribbon segments were oriented perpendicular

0.75
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Figure 11. Mossbauer spectra from the amorphous CoFeB ribbon
segments. Note that the broadened peaks are caused by the spread of
hyperfine parameters due to the atomic disorder, and the different
relative peak ratios are due to the different magnetic orientations in
the bulk versus near the surface.

to the incoming photons and the short axes were oriented in
the source-sample-detector plane.

Transmission Mossbauer data as well as backscatter
Mossbauer data from both sides of the ribbon segments were
collected, and processed as described in section 2, all spectra
are shown in the supplementary material.

3.12. Results. The x-ray and 7-ray spectra obtained from
the ribbon segments are shown in figure 11. A poor SNR
was expected due to the small proportion of natural abund-
ance Fe in the composition, in tandem with the other factors
described in section 2.1. The spectra collected from the WS
and the FS of the ribbon segments were practically indistin-
guishable, suggesting that the amorphous crystal structure of
the ribbon was uniform throughout the volume despite the dif-
ferent cooling rates of the opposing sides, this uniformity is
likely due to the small thickness of the ribbon. The MS peaks
are very broad due to the amorphous nature of the alloys and
are well-fitted using a Byg-broadened model [19, 20]. The aver-
age value for the hyperfine field returned from the regression fit
is Bys = 26.3 T with 0By = 0.8 T. This low value of By, com-
pared to the canonical value of By ~ 33 T for a-Fe, reflects the
structural and chemical disorder of the atomic sites occupied
by the Fe nuclei in these types of ribbon.

The magnetisation orientation (172) of the ribbon was anti-
cipated to be in-plane (IP) due to shape anisotropy, exacer-
bated by the high moment and ultra-low coercivity. This
assumption was tested using the collected MS data. As
described in section 2.4, the angle © between the momentum
direction of the incoming photons I_c’,y and the sample mag-
netisation i, is obtained from the relative peak areas within
a sextet. Angles of ©, =57°£2° and ©,, =71° £5° were
obtained from application of the fitting procedure for the x-
ray and y-ray spectra, respectively. The angle of incidence
between l_c',y and the surface normal was determined as A ~
65° for these measurements. Assuming that the magnetism
m is oriented IP and along the ribbon’s long axis, © would
be equal to 90° given the orientation of the ribbon segments
in the experiment; in this case the absorption peak intens-
ity ratios would be 3:4:1. However, the angle ©., = 71° £5°
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determined from the ~y-ray spectrum implies that 77 has a com-
ponent, approximately 20% of the total magnitude of the mag-
netisation, that is aligned along the short (IP) axis of the ribbon
segments. The ribbon segments were confirmed to be mag-
netised in the IP direction by measuring a transmission spec-
trum with the photons from the source normal incident on the
surface, where a value of © close to 90° was obtained. This
conclusion, that the ribbon is magnetised IP with finite com-
ponents along both IP axes, is good news for the proposed
application of this type of ribbon, as a finite component of
m oriented away from the easy axis is anticipated to mitig-
ate power losses during rotation of magnetisation in power
conversion applications. The smaller value of ©, = 57° £2°,
obtained from fitting the x-ray spectrum compared to that
derived from analysis of the y-ray spectrum, points to spa-
tially inhomogeneous magnetisation in the ribbon. This result
is consistent with the existence of a larger component of 7t
along the short IP axis near to the surface of the ribbon com-
pared to that of the bulk, or perhaps reveals some component
of 77 in an out-of-plane (OOP) orientation near the surface.
The presence of flux-closure domains near the ribbon surface,
perhaps associated with the highly amorphous surface state or
with strain, may underlie this observed change in the direc-
tion of 7i revealed by the x-ray spectrum as compared to the
information provided the y-ray spectrum.

3.2. Nd-Fe-B thick fims

Nd,Fe 4B-based magnets have the largest energy product
among all modern commercial magnets [21], resulting in their
widespread use in a variety of applications. The Nd,Fe ;4B
phase has a large, complex unit cell with six distinct Fe-
occupied sites. These sites are denoted ki, k3, ji, jo, ¢ and e
with occupancies of 16, 16, 8, 8, 4 and 4, respectively.

The hyperfine parameters for Fe nuclei in Nd,Fe 4B have
been determined on a bulk, melt-spun sample, using tradi-
tional TMS [22], see figure 12. Currently, thick films (micro-
metric) of Nd,Fe 4B are used to fabricate micron-scale mag-
nets for use in MEMS devices [23] and are well-suited to the

Velocity (mm s™!) Velocity (mm s™1)

Figure 13. X-ray and ~y-ray spectra from the T4, = 550 °C film,
measured (a) before (fit using By¢-broadened model) and (b) after
annealing at Ty, = 700 °C (fit using two single-crystal
contributions).

depth-selective characterisation provided by simultaneous x-
ray and y-ray photon collection from MS.

3.2.1. Sample description.  Mossbauer spectra were recor-
ded from two Nd-Fe-B films of 5 um thickness that were in
the virgin magnetic state. These films were made by triode
sputtering at 550 °C onto Si substrates, along with Ta buffer
and capping layers of 100 nm thickness. One film was stud-
ied in the as-deposited state while the other was studied after
annealing at 700 °C for 10 min to crystallise the Nd,Fe ;4B
phase. Data were accumulated for approximately three weeks,
in order to obtain adequate statistics, as the activity of the >’Co
source used was low. In addition to the low activity, the relative
thinness of the absorbing films resulted in a low SNR, so only
the two most populous Fe lattice sites were considered when
fitting the data, as the contributions from the other sites could
not be resolved. For the as-deposited films, the By,¢-distribution
model was used. The annealed sample was subsequently mag-
netised OOP in 5.5 T and remeasured at remanence.

3.2.2. Results. X-ray and y-ray spectra obtained from the
film before and after annealing are shown in figure 13. The
literature values for the hyperfine parameters were used as a
starting point for the regression for the annealed film. For the
as-deposited film, the By¢-distribution model was used with a
lower initial value of the hyperfine field and a larger broaden-
ing compared to the annealed film.

The good quality of the fits in figure 13(b), and the striking
similarity of these data to the spectrum in figure 12, confirmed
that this film was crystallised in the desired Nd,Fe 4B phase.
The different relative heights of the peaks noted in our data as
compared to those of Pinkerton and Dunham are attributed to
a different angle of incidence of the source ~y-rays. The crystal
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Figure 14. The hyperfine field magnitude (blue) and the tilt of the
hyperfine field axis away from the film normal (green) are shown,
the area-weighted average of the two primary Fe-containing sites
was used for the annealed films. X denotes data from the x-ray
spectra and e from the y-ray spectra.

structure present in the as-deposited film was quite disordered
with a much-reduced average By value, see figure 13(a). After
magnetisation, the annealed sample exhibited a slightly higher
value for the local hyperfine field compared to that of the
sample in the virgin state, as expected, but yielded otherwise
identical fitting results.

The angle of incidence of the source v-rays with respect to
the surface normal was A, ~ 67° for these measurements. It
is useful here to introduce a ‘tilt’ angle Ay = A,—O, where
again A, is the angle between k., and the surface normal, and
© is the angle between k., and the magnetisation. The tilt angle
Ay therefore contains information about the canting of the
magnetisation away from the surface normal, a useful figure
of merit for perpendicular magnetic anisotropy materials. The
measured values for By and Ay are shown in figure 14. Ay
was found to be zero within experimental error for all three
X-ray spectra, consistent with magnetisation that was oriented
fully perpendicular near the surface of the films, regardless of
whether they had been annealed or not. In contrast, analyses
of the ~-ray spectra, originating from deeper within the film,
revealed a tilt angle of 10° &= 4° for the as-deposited films and a
tilt angle of 27° 4 7° for the annealed film. This result implies
that some component of the magnetisation within the volume
of the film was oriented IP, and this IP component is larger
in the annealed film than it is in the as-deposited film. This
interpretation was again reinforced by analysis of a conven-
tional transmission spectrum recorded with incoming y-rays
normally incident on the as-deposited film. In this case a value
of © =19° 4 5° was obtained from the fit, consistent with
up to roughly 20% of the film volume possessing an IP mag-
netic polarisation, leaving the majority of the film with an OOP
magnetic polarisation. The attainment of a finite tilt angle for
the bulk of the film (derived from the ~-ray spectrum) but not
for the film surface (derived from the x-ray spectrum) might
be explained by the presence of flux-closure domains with an
IP remnant magnetisation that formed near the substrate inter-
face. A comparison of data collected in the transmission and
backscatter geometries at different incidence angles, using the
as-deposited film, is shown in the supplementary material.

Notably, OOP remnant magnetisation was detected in all
samples, supporting the existence of a significant uniaxial

L1,
°°°°

Fe

Figure 15. The atomically ordered (L1o) and atomically disordered
(A1) crystalline phases of equiatomic FeNi.

anisotropy even in as-deposited films, i.e. prior to the
establishment of long-range crystalline and atomic order. This
result was evidenced by the similar values of © obtained from
the regressions of the data from all three measurements: on
the as-deposited, annealed and magnetised films. Further, this
result (that all films were observed to be magnetised OOP) is
in agreement with magnetometry data obtained from Nd-Fe-B
films that were sputter-deposited at a temperature that was just
below the crystallisation temperature of the Nd,Fe 4B phase
and were then subsequently annealed [24].

3.3. Meteoritic FeNi phase analysis

Magnetocrystalline anisotropy is a key property of techno-
logically useful magnetic materials. To this end, FeNi is a
promising candidate magnetic material which exhibits signi-
ficant uniaxial anisotropy without rare-earth or heavy-metal
elements, when it is crystallised in the tetragonal L1, structure
(space group 123, P4 /mmm), see figure 15 [25]. However, the
disordered-fcc A1 parent phase (space group 225, Fm3m) is
very close in energy to that of the L1, phase, and the kinetics
of formation of the ordered phase is very slow [26]. FeNi in the
L1 phase can be synthetically produced [27-29] in ultra-thin
film form but a consistent large-scale synthesis method has not
yet been demonstrated.

An interesting source of L1y-type FeNi is extraterrestrial
bodies, specifically very slow-cooled iron-nickel meteorites.
The extremely long-term cooling that such meteorites undergo
in the vacuum of space provides sufficient time to form the L1,
phase [30]. To investigate this material, we obtained a sample
extracted from the nickel-rich iron meteorite NWA 6259
[31] and employed the BSMS technique to non-destructively
investigate the Fe-containing crystalline phases present within
1t.

3.3.1. Sample description.  The meteoritic sample studied
had an area of 70 mm x 35 mm at its widest points and a thick-
ness of 6 mm, too thick to conduct a TMS investigation. This
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Figure 16. The x-ray MS spectrum obtained from the FeNi
meteoritic sample, with A, = 20°.

specimen had been cut with a diamond saw and mechanically
polished on one side. It was mounted in the usual fashion for
backscatter measurements with the polished side facing the
incoming y-rays from the MS source. The polished face was
at all times protected by a layer of transparent adhesive tape.

3.3.2. Results. FeNi has a simple (compared to Nd,Fe4B)
and well-studied structure; the theoretical hyperfine paramet-
ers for different crystal phases are known [32] and were used as
a starting point for the regression of the MS data. In addition to
inclusion of the spectra anticipated from tetrataenite and from
the disordered FCC phase, a spectrum from a paramagnetic
(at room temperature) phase, denoted ‘PM’, was included in
the model as well. This latter phase contributed a tight doublet
(treated as a large singlet) to the spectrum and its inclusion was
necessary to fit the data [26, 33], see figure 16. For the ana-
lysis of the volume fractions of the different crystal phases,
we initially considered only the x-ray spectrum, which had
better SNR than that provided by the ~y-ray spectrum. The rel-
ative areas within the overall spectrum corresponding to the
three phase types, equivalent to their relative volume frac-
tions, were determined as 66% £ 5% L1y, 17% £ 10% A1 and
17% 4= 5% PM. This value for the volume fraction of the L1,
phase is among the highest reported for FeNi alloys, and the
highest for naturally occurring FeNi [29]. The angle between
l_cow and By, where By is taken as the average for the L1, and
A1 phases, was found to be © =49° + 5° for this measure-
ment, see figure 16. The angle of incidence between l% and
the surface normal was A, ~ 30°, implying that the magnet-
isation was tilted by at least 20° IP in the 5 wm region nearest
the specimen surface.

The fits of the model to the x-ray and y-ray MS spectra
collected from the NWA 6259 specimen gave slightly differ-
ent values for the relative phase contributions, consistent with
a depth dependence of the composition. To investigate this
possibility more systematically, measurements were repeated
with different incidence angles of the incoming photons, with
the results shown in figure 17.

The volume fraction of the L1, phase is found to decrease
significantly as A, was increased, while the volume fractions
of the PM and Al phases both increased. At small values of
A, the source y-rays arrive at an orientation that is nearly per-
pendicular to the sample surface, thus penetrating further into
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Figure 17. The dependence of the volume fractions of the different
crystal phases on A, . The error at small angles is due to low MS
sensitivity and poor SNR. The point at 90° suffers from large
systematic uncertainty as only approximately half the viewing angle
is exposed at grazing incidence.

the material and providing lower surface sensitivity. From the
results shown in figure 17, it can be concluded that the L1y
phase is less prevalent near the surface region compared to its
concentration in the bulk, while the opposite is true for the
PM phase, with the A1 phase exhibiting near constant preval-
ence as a function of depth within the specimen. This observed
gradient in the contributions of the constituent phases may
have been caused by the mechanical and thermal stresses near
the surface arising from the specimen preparation procedures
of cutting and polishing. These stresses are considered to have
compromised the L1, atomic order near the surface, with the
PM phase being preferentially formed over the A1 phase. This
observation implies that a distinctly different crystal structure
has been formed.

4. Summary

It is demonstrated here that BSMS with simultaneous record-
ing of the entire fluorescence spectrum shows immense prom-
ise as a tool to investigate a wide range of materials prop-
erties, such as local atomic order, magnetic orientation and
the presence of different Fe-containing phases. This tech-
nique provides an intrinsic depth sensitivity by virtue of the
two different mean free paths of the resonant photon ener-
gies: the 14.4 keV re-emitted y-rays and the 6.4 keV con-
version x-rays. The applicability of BSMS to samples with
varying thicknesses and degrees of crystalline order has been
confirmed, and advantages over TMS have been established,
in cases where the transmission and backscatter geometries
are both feasible. Essentially any iron-containing sample can
be non-destructively investigated with this approach, mak-
ing this technique very attractive as a probe in modern mag-
netic materials science as well as in the earth and planetary
sciences. Our experimental setup has been largely custom-
built and programmed in-house at a fraction of the cost
of a single commercial MPA. It has been shown that this
multi-parallel-acquisition MS technique provides a viable
alternative to other spectroscopic techniques to investigate a
number of key material properties, for a variety of sample
geometries.
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The here-described electronics and software can and have
also been utilised to perform conversion electron MS (CEMS)
(see, for example, the supplementary material of Borisov et al
[34]), where the electrons themselves are detected rather than
the photons. The high speed and low dead time of the acquisi-
tion electronics are of even higher importance in this case due
to the much larger number of electrons in the detector cascade.

5. Future work

A very-rarely used methodology to decrease linewidths below
the natural Lorentzian ones is time-differential MS, where
the 122.1 keV ~-rays emitted by the source (figure 2) are
detected using a scintillation detector, signalling the occupa-
tion of the 14.4 keV energy level in the source °'Fe nuclei.
Subsequent detections of the resonant fluorescence photons
from the sample can then be assigned a time delay value, since
the occupation of the 14.4 keV energy levels in the source.
When processing the data, detected photons can be discrimin-
ated based on their time delay and the energy level lifetime,
thus improving the SNR [35], and this additional dimension
can be readily incorporated with the modular MPA design
described here.
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