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Abstract: In the present study, the local atomic structure of a Nb3Sn superconductor sample has been
probed by X-ray absorption fine structure (XAFS) as a function of hydrostatic pressure (from ambient
up to 26 GPa) using a diamond anvil cell set-up. The analysis of the Nb-K edge extended X-ray
absorption fine structure (EXAFS) data was carried out combining standard multi shell structural
refinement and reverse Monte Carlo method to provide detailed in situ characterization of the
pressure-induced evolution of the Nb local structure in Nb3Sn. The results highlight a complex
evolution of Nb chains at the local atomic scale, with a peculiar correlated displacement of Nb-Nb
and Nb-Nb-Nb configurations. Such a local effect appears related to anomalies evidenced by X-ray
diffraction in other superconductors belonging to the same A15 crystallographic structure.
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1. Introduction

Nb35n is a brittle intermetallic material belonging to the class of the A15 compounds
(space group Pm-3n) that in 1954 reached a superconducting transition temperature of
T. =~ 18 K [1]. Even more important, is its capability to carry high current densities
Je > 10> A/mm? [2], allowing to make compact magnets reaching high critical fields B, up
to 30 T [3,4], essential for high field superconductor applications. These properties con-
tributed to make Nb3Sn the most widely used high field superconductor in top science
projects (CERN High luminosity LHC project [5], ITER [6] project) and industrial appli-
cations (NMR instruments, compact cyclotrons), with a record production in the period
2009-2014 of 150 Tons/ Year for the ITER toroidal field magnets only [7]. The exceptional
requirements of these magnet-based projects revamped the interest in this material and
considerable efforts are now undertaken to further improve their critical performances
and efficiencies during the applications [8-10]. In particular, the effects of strains (axial,
transverse, hydrostatic) on J., T and the electrical resistivity, which may be caused by
thermal contractions and strong Lorentz forces due to the high currents, were extensively
explored [4,9,11-15]. However, less is known about the structural modifications induced by
pressure, especially on the crystallographic and atomic scale [15-17]. These informations
are crucial for achieving accurate model of the Nb3Sn properties. As a matter of fact, den-
sity functional theory (DFT) calculations have shown that squeezing the structure actually
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affects the phonon spectra and electronic density of states N(Ef) of Nb3Sn [15]. However,
accurate models require deep knowledge about the atomic structure at the crystallographic
and atomic (local) scale.

Recently, structural changes have been highlighted in different A15 compounds as a
function of pressure. High pressure X-ray diffraction (HP-XRD) experiments [15], carried
out on technological Nb3Sn wires, showed an anomaly in the unit cell volume compression
(around 5 GPa) not associated with any structural phase transition. A similar effect, as-
cribed to isostructural transitions, was observed around 15 GPa for other A15 systems, e.g.,
NbsGa [18] and Nb3Al [19] . Whereas, low temperature (T = 10 K) HP-XRD measurements,
performed on a slightly non stoichiometric Nb3Sn;_, single crystal, have evidenced struc-
tural instabilities around 3 GPa, suggesting a dimerization of Nb—Nb chains, providing
alternating shorter/longer Nb-Nb pairs [17]. Recent simulations on NbzAl suggested the
Pm-3n phase to be energetically not favoured with respect to the Cp /c [20] phase, where
the lower symmetry allows for distortions of the Nb chains.

The XRD technique provides accurate long-range order structural characterization, but
misses details about the local atomic structure, i.e., the average relative atomic arrangement [21].
These details can be assessed exploiting the X-ray absorption fine structure (XAFS) spec-
troscopy, a chemically selective technique, sensitive to the local atomic structure. However,
to the best of our knowledge, XAFS literature data on Nb3Sn are quite rare, even at ambient
pressure/temperature conditions [22,23].

In this work, Nb K-edge HP-XAFS was used to obtain further insight on the atomic
structure of Nb3Sn between ambient pressure (AP) and 26 GPa. XAFS data analysis was
carried out combining well established multi-shell data refinement [24] and Reverse Monte
Carlo (RMC) approach [25]. In this way, it was possible to build a 3D model of Nb3Sn
structural details around the Nb sites, and to extract further information on the pressure-
dependence of the relative arrangements of Nb neighbors (many-body distribution func-
tions) in the structure.

2. Materials and Methods

X-ray absorption spectroscopy (XAS) measurements were performed at the beam-
line BM23 [26] of the European Synchrotron Radiation Facility (ESRF) at the Nb K-edge
(18.986 keV). The X-ray beam was focused down to 3 x 3 pm? using the micro-XAS facility
the data of which were collected in transmission mode using two gas filled ionization
chambers to measure both the incident (I,) and transmitted (I;) X-ray intensities. For sake
of comparison, additional Nb K-edge XAS spectra were measured at the P65 beamline
(Petra-III, DESY synchrotron radiation facility in Hamburg, Germany) [27] on powder of
the same sample, in standard transmission geometry at ambient conditions.

A membrane diamond anvil cell (DAC) was equipped with nano-polycrystalline
diamonds [28,29] with a culet size of 400 um. The gasket was prepared from a pre-indented
and laser drilled stainless steel foil. The Nb3zSn samples were obtained from a polycrys-
talline bulk piece sintered by Hot Isostatic Pressure (HIP) technique (2 kbar Argon pressure
at 1250 °C for 24 h) at the University of Geneva [30]. A grain size of about 20 um and a
composition very close to stoichiometry (24.8 at.% Sn) were determined from SEM/EDS
analysis. A sharp superconducting transition was observed at 17.9 K by AC susceptibility.
Finally, a Rietveld refinement yielded a lattice constant at ambient conditions of 5.291 A
and a Bragg-Williams [31] long-range order parameter S of 0.98. Further details on the
synthesis procedure and preliminary characterization can be found in Ref. [32]. Samples
from the same batch were characterized by means of microwave measurements [33], yield-
ing a normal state resistivity p, ~ 14.8 u{) - cm, a critical temperature T, = 17.8 K and
an extrapolated upper critical field H, giving H(0) of ~ 27 T [34], in full agreement
with the accepted values [4] for pure Nb3Sn. The sample for the XAS measurements was
prepared by grinding a piece of Nb3Sn bulk in an agate mortar to obtain a fine powder.
The latter was then squeezed between two diamond anvils in order to obtain a thin and
homogeneous pellet which was cut and loaded in the DAC’s high pressure chamber. A
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ruby chip was placed a few um away from the sample and used as pressure gauge. Once
the good quality of the sample loading was checked by means of X-rays (providing an
absorption jump of 0.3 at the Nb K-edge), the high pressure chamber of the DAC was filled
with Ne gas to ensure good hydrostatic conditions for the investigated pressure range [35].
During the experiment, the pressure inside the DAC was measured, before and after each
energy scan, using the ruby fluorescence method [36], following the calibration of Doro-
gokupets and Oganov [37]. High pressure measurements (HP) were carried out at room
temperature at seven pressure values in the range between 0.3 GPa and 26 GPa. In order to
get a good statistics, the data at each pressure point was obtained by collecting at least four
energy spectra, which were checked for energy scale alignment and then averaged.

For each pressure point (AP and HP data), the experimental absorption signals
a(E) = log(I,/ 1) were treated along the standard procedures for pre-edge background
subtraction, edge jump normalization and extraction of the structural extended X-ray
absorption fine structure (EXAFS) signal x (k) using the ESTRA software suite [38]. The
pre-edge background was modelled with a straight line calculated by fitting the data in the
interval 18.788-18.908 keV before the edge. The obtained background was then subtracted
from the total signal, obtaining «’(E). The edge energy E,, defining the origin of the photo-
electron wave-vector k = i1 \/2m.(E — Eg) (m, = electron mass), was selected at the first
inflection point of the absorption edge (maximum of the first derivative) and refined during
the fit. The post edge atomic absorption background (o) was calculated fitting a N-knots
polynomial spline through the data. The structural EXAFS signal was finally calculated as:
Xexp(k) = (& — ag) /ao. In order to avoid artefacts coming from the signal extraction, the
same procedure and normalization parameters were used to extract the EXAFS signal from
all the data at different pressures. The k?>-weighted experimental spectra at the measured
pressures are presented in Figure 1 along with the moduli of their Fourier transforms (FT)
and best fits (see below). The sample homogeneity is crucial for reliable XAFS analysis,
the good agreement between HP and AP data underlining the good quality of the spectra
Figure 1). Furthermore, the agreement between structural parameters obtained from the
analysis of AP and 0.3 GPa data confirms the reliability and reproducibility of the analysis
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Figure 1. (a) Experimental (dots) and best fit (lines) Nb K-edge kz—weighted extended X-ray absorp-
tion fine structure (EXAFS) spectra as a function of pressure. (b) Moduli of the FT of kz—weighted
EXAFS spectra (dots) and best fit curves (full lines). In each frame the corresponding pressures are
marked and the curves are vertically shifted for sake of clarity.
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2.1. Standard EXAFS Data Analysis

The quantitative EXAFS data analysis was firstly carried out following a standard
multi-shell [24,39] data analysis procedure using the program FitEXA [38]. The k*-weighted
raw spectra were fitted in the 3-14.5 A1 k-range to the model function k?x4,- The non-
linear least-square data refinement and error analysis has been implemented using the
MINUIT routine package [40]. The theoretical EXAFS function is given by a sum of partial
contributions (coordination shells) x;;, = Y_; xi, each x; being calculated from the standard
EXAFS formula [38]:

Aisin(2kR; + ¢i) _2x2/02 _oR. /1
() = 82N A (kRzz i) 22 /02 2R /A, 1)
i

This model is valid in the case of small and harmonic (Gaussian) disorder [41] and
assumes each contribution originating from a Gaussian shaped coordination shell defined
by three structural parameters: the multiplicity number N;, the average coordination dis-
tance R; and the mean square relative displacement (MSRD) factor 2. The semi-empirical
amplitude reduction factor S takes into account for many body losses, after preliminary
tests it was fixed to 0.9 for all the data analysis. The theoretical amplitude (4;), phase (¢;)
and mean free path (A;) functions were calculated using the FEFF 8.2 program [42] using
an atomic cluster based on the crystallographic NbsSn structure within the Pm-3n space
group [43]. The squeezing of the lattice parameters in the investigated pressure range [15]
is less than 5% and it is expected to have a weak effect on the A;, ¢; and A;; therefore they
were not recalculated as a function of pressure.

In order to reduce the number of free parameters and the correlations among them
(so improving the reliability of the obtained results) during the multi-shell EXAFS data
fitting, constraints were imposed based on the crystallographic structure [39] of Nb3Sn.
The adopted unit cell schematized in Figure 2 was cubic (edge length a). The Sn atoms
were located at the cube corners and center, forming a body-centred cubic (bcc) lattice,
while the Nb atoms were arranged in pairs along chains parallel to the x, y, and z axis, at
the center of each face of the cube.

Nb ‘ osnu

Figure 2. Representation of the Nb3Sn structure, where Nb and Sn atoms are reported in light red
and purple, respectively. For sake of clarity some of the atoms have been labelled following the
nomenclature of Table 1, in order to identify the various paths used for the EXAFS analysis. The
dimension of the Nby atom has been enhanced to help the reader finding the absorbing atom.

The three main peaks observed between 1.8 A and 3.2 A in the FT (uncorrected for
the phase shift) were partially overlapping (Figure 1b). They were assigned to the first
three neighboring shells around a generic Nbg absorber in the A15 structure (Table 1),



Crystals 2021, 11, 331

50f18

namely the two Nb; along the Nb chain (a/2 away from Nby), the four Snj at the close
cube corners and centers of adjacent cubes (a1/5/4 away) and the eight Nb;; on the close
faces (av/6/4 away). The features in the FT in the 3-6 A region derived from single (SS)
and multiple scattering (MS) contributions in the more distant region. For the analysis the
SS and MS were selected on the basis of their amplitude and statistical significance in the
fitting. In particular, the intense MS paths Nbg-Nb;-Nby and Nb-Sn;-Nby,, being enhanced
by collinear arrangements (forward and double forward scattering) were considered in the
fitting model. For sake of clarity, the neighboring shells assignment used for the EXAFS
data analysis is resumed in Table 1, giving the atomic position relative to the generic Nby
absorber at (1/4, 0, 1/2) in the unit cell.

Table 1. Definitions of the seven neighboring shells used for the EXAFS data analysis calculated
assuming the generic Nbj absorber located at (%, 0, %) The atom labels are those shown in Figure 2.
For each shell, the labels of the neighboring atoms used in the text and the half path length R(a) as a
function of the cube edge (lattice parameter) a are reported. For each atomic configuration contribut-
ing to the shell the multiplicity (N), the scattering model (single SS, or multiple MS, scattering) and
the neighboring relative position respect to Nby (in units of the lattice parameter a) are shown. The
scattering paths are also reported for sake of completeness (path) along with the relative intensity
respect to the Nbj shell as given by FEFF, the MS terms include the three and four leg paths.

Shell Atoms R(a) N Scattering Position Path

I Nb; ays 2 Ss (+1,0,0) Nbo-Nb; (100% )

1 Sn; 5 2+ ss (=1,0,+1) Nby-Sn; (173% )
2 SS (1,+1,0)

I Nb;, o 4+ ss (1,41, 41 Nbo-Nb;; (247% )
4 Ss (1,+1,£1)

v Sny I3 2+ ss (3,0,+1) Nbo-Sny; (45% )
O )

\Y% Nby; “\{lﬁ 4+ Ss CEIED) Nbg-Nbyj; (152% )
4+ ss (3,£3,£3)
4+ ss (—%,i%,i%)
4 Ss (-1, %£3,£3)

VI Nby 26 2+ MS (£1,0,0) Nbg-Nb;-Nb;y (163% )
2+ ss (0,£1,0) Nbo-Nbjy (46% )
2 ss (0,0,£1)

VI Nb, 2 2+ MS (1,+1,0) Nbg-Sn;-Nby (142% )
2+ MS (—1,0,£1)
2 SS (—%,%1,0) Nbg-Nby (42% )

Based on the crystallographic structure, the multiplicity numbers (N;) of the various
contributions were kept fixed. All the shell distances R; were constrained to the lattice
parameter a (left free to vary) through the R(a) functions (Table 1), except the nearest
neighbors Ry, distance. Indeed, due to the correlated disorder [41,44], it may depart from
the expected crystallographic length. Double and triple scattering contributions (MS) (as
well as SS one), were considered for the VI and VII shells. The MSRD factors were refined
independently for the various shells.

After some preliminary tests, it was found that seven shells were enough to fit the
data reproducing the main structural features observed in the FT graph up to 6 A. An
example of the best fit obtained at 23 GPa is presented in Figure 3, together with the partial
contributions of the seven shells used in the analysis. The edge energy shift E, and the S2
were kept fixed for all the spectra in order to improve the reliability of the observed trends
on the structural parameters. During the EXAFS analysis, a total of 13 free parameters were
used. The pressure-induced evolution of the Nb-Nb nearest neighbors (R;) distance and
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the lattice parameter (a/2) are reported in Figure 4, together with the MSRD for the first
(Nb;) and the second (Sn;) shells.

23 GPa

Nb-Nb,
Nb-'Sn,
Nb-Nb;
Nb-Sn;
Nb-Nby
Nb-Nby, (MS)

Nb-Nby, (MS)

A -
& v‘\Afxv A

Nb-Nb

Nb-Sn,

R (A)

Nb-Nb,
Nb-Sny,
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70
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20

15

15 10
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Figure 3. Example of the best fit obtained at 23 GPa for the EXAFS signal of Nb3Sn at the Nb K-edge using the standard (left
panels) and Reverse Monte Carlo (RMC) (right panels) analysis . In particular, (a,b) panels report the kz—weighted EXAFS
signal and the corresponding Fourier transform (FT) moduli |[FT|, respectively. In both the panels, the experimental data are
reported as green dots, whereas the best fit curves as black lines. The partial contribution used in the analysis are shown
(yellow lines), vertically shifted for sake of clarity. Right panels (c,d) show the kz-weighted Morlet wavelet transform for
the experimental and CA-model from the RMC refinement. The Fourier transform (FT) moduli |FT| and the Back Fourier
filtered (FF) curves obtained from the RMC refinement are shown in Figure S1 of the Supporting Information.
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Figure 4. (a) Ryy, distance (orange symbols) and the a/2 parameters (light blue symbols) are shown. The Ryy, is
systematically larger than a/2, signifying an anticorrelated Nb-Nb neighbor displacement perpendicularly to the Nb chain,
as schematized in the inset. (b) The mean square relative displacement (MSRD) of the first (‘le\fbl)' second ((Tgm) and third
(012\”]1 ;) neighbors are shown as a function of pressure.

2.2. RMC Data Analysis

The RMC method is a simulation technique providing a 3D model of the atomic
structure of a sample. This is obtained by minimizing the difference between the structure-
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related experimental signal and a configuration averaged (CA) theoretical curve calculated
from the simulated atomic positions. The advantage of RMC with respect to other simula-
tion techniques (such as standard Monte Carlo method or molecular dynamics), consists
in the fact that it does not require any knowledge on the actual interatomic potentials of
the material.

In the present study, the RMC analysis was performed using the EvAX suite [25]. This
software combines an evolutionary algorithm (EA) with RMC, providing an optimized
computational efficiency. EvAX was explicitly built for characterizing the local structural
and thermal disorder in crystalline materials from the analysis of their experimental EXAFS
signal within the multiple-scattering formalism [45]. It has already been successfully
applied for the characterization of several systems [25,44,46].

In EvAX the configuration average EXAFS signal xc 4 (k) is obtained using the ab initio
real space multiple scattering FEFF8.5L code [47], embedded in the EvAX distribution. The
obtained signal is then compared with the experimental one (),xp(k)). The initial atomic
configuration is generally defined according to the space group and lattice parameter of the
selected material (Pm-3n in this case). It is then possible to choose the size of the structural
unit (supercell), its shape and boundary conditions. During the RMC refinement procedure,
the atomic positions are randomly displaced and a new x4 (k) is calculated and compared
to the Xexp (k), the new atomic configuration are accepted or discarded following a modified
METROPOLIS algorithm [45]. In the present study the comparison between xc4 (k) and
Xexp (k) has been carried out looking at the weighted squared differences & g between the
configuration averaged theoretical and experimental spectra in both the k and R space,
known as Morlet wavelet transform space (WT) [45]:

fo = [[WTca(k,R) — WTexp(k, R)||?
' |[[WTexp (k, R)[ |2

@

in this way, it was possible to improve the fitting constraints by taking into account the
two-dimensional representation of the EXAFS signal with a simultaneous localization in the
energy and frequency space domains. In order to implement the evolutionary algorithm, a
population of several supercells is used whose structures are RMC refined and crossed at
each generation using genetic rules so to massively improve the statistic of the simulation
and makes the convergence of the procedure faster than standard RMC algorithms.

In the present study, EvAX simulations of the Nb K edge EXAFS data were performed
using the Linux Cluster of the Department of Matematica e Fisica of the University Roma
Tre. The minimization procedure has been performed in the k?>-weighted WT [48], con-
sidering k between 3-16 A1 and R between 0-6 A. The Nb3Sn crystallographic structure
from Ref. [43] was used as the starting configuration for a population of 32 supercells, each
one consisting of 3 x 3 x 3 cells with periodic boundary conditions, containing a total
of 216 atoms (162 Nb + 54 Sn) per supercell. The theoretical xc4 (k) EXAFS spectra were
calculated considering MS paths with up to 4 scattering legs with 6 A maximum length. At
each RMC iteration, new supercell configurations were generated by randomly displacing
all the atoms of the simulation box by a maximum displacement of 0.2 A. The simulated
annealing approach was used to efficiently reach the global minimum. The acceptance ratio
of the new atomic configuration was not fixed but it decreased slowly following a cooling
scheme. The length of the cooling scheme, set by the number of iterations after which only
the atomic displacements improving the agreement between experiment and theory were
accepted, was set to 1500. Figure 3c,d show an example of the k*-weight multi-shell data fit
and RMC best fit in the WT space, obtained for the HP data at 23 GPa. The k*-weighted
configuration averaged curve k?xc 4 (k) and its Fourier transform modulus, as obtained
from the EvAX output for the HP data at at 23 GPa, are shown in the Supporting Material.

The n-body distribution functions (g™)) formalism [49] allows the description of
the relative neighboring arrangements, providing a set of parameters containing their
geometrical configurations. For example, the three-body configuration (¢®)) is defined
by two distances and the angle between them. The structural parameters defining the
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¢! (interatomic distances and bond angles) and the corresponding statistical parameters
(mean, variance, and anharmonic terms), are calculated directly from the 3D atomic models
using a specifically written Python code with the NumPy [50] library package. In order
to evaluate the simulation’s uncertainties, four independent RMC runs were performed
using different seeds for the pseudo-random number generator [25]). The parameters and
their uncertainties reported in Figure 5 correspond to the average values and standard
deviations of those obtained from the different seeds.
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Figure 5. Synthesis of the main RMC results. (a) Ry, and (b) Rg,, distributions histograms as a
function of pressure. (c) Top panel (Distance): pressure dependence of Ryy, and a/2 compared to the
one obtained from the standard analysis. (c) Second panel from the top (MSRD): pressure-induced
evolution of the variance (02) of the first three shells as obtained from the RMC simulations. (c) Third
panel from the top (Skewness): pressure-induced evolution of the asymmetry of the distribution of
the Nb-Nb nearest neighbor pair distribution function. (c) Bottom panel (Kurtosis): pressure-induced
evolution of the Kurtosis of the distribution of the first shell

3. Results and Discussion

The obtained EXAFS signal (weighted by k?) and the corresponding Fourier transforms
(FT) are reported in Figure 1. The effect of pressure was evident, with the squeezing of
the distances in the FT and the corresponding expansion of the EXAFS oscillations in
the reciprocal space. The experimental EXAFS signals were analyzed by using both the
multi-shell data analysis [24,39,51] and the RMC/EA methods [25], in order to obtain
detailed local structural and topological information.

Due to its intrinsic nature, the XAFS signal probed the local atomic structure around
the absorbing atoms, providing the relative neighboring arrangement and the correspond-
ing disorder around the average absorber [52]. Furthermore, owing to the strong interaction
between the photo-excited electrons and the potentials of the neighboring atoms, the XAFS
signal was sensitive to multiple scattering processes [47]. Therefore, the MS analysis could
provide details about the topology of the local atomic structure around the absorber (bond
angles, shape and orientation of coordination polyhedra, etc.) through the many body
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distribution functions (g(”)) [25,49]. Such information is hidden from other structural
probes, such as neutron and X-ray diffraction techniques [53]. The MS analysis could be
a difficult task using standard EXAFS methods based on the multi-shell data refinement
due to Provost et al. [54]: i. increasing number of required parameters; ii. increasing
correlations among the structural parameters (as more distant neighbors are taken into
account); iii. the failure of the small harmonic disorder model [41] and the occurrence
of correlated disorder in SS and MS shells [41,55]. Imposing appropriate constraints (as
detailed above) is a valuable way to obtain highly reliable structural information [24] but
topological details can be elusive, especially when dealing with ordered structures charac-
terized by a large number of non negligible MS contributions. Therefore, the RMC-based
atomistic simulations helped deepen the topological details through the direct access to the
3D structural models. Below, the results obtained combining multi-shell and RMC EXAFS
data analysis are discussed.

The main structural parameters obtained from the EXAFS data analysis are shown in
Figure 4. The average lattice parameter a/2 and Ryy, are shown for sake of comparison.
The parameter a is the unique free parameter used to refine the further shells which are
progressively less affected by the correlated disorder. It represents the analogous of the
lattice parameter obtained by XRD and indeed, it matches well the axrp experimental
behavior reported in the analysis of technological Nb3Sn wires [15]. Noticeably, the
Nb-NDb nearest neighbor distance Ry, is significantly larger than a/2 at low pressures
but converges to a/2 with increasing pressure. Interestingly, the values of a/2 and Ry,
found at 26 GPa coincide with the half of the lattice parameter obtained by HP-XRD at the
same pressure, on Nb3Sn powders from technological wire sample [15]. Such a behavior
suggests a general anticorrelated displacement of the Nb-Nb neighbors perpendicularly
to the average Nb chain directions at ambient conditions (as schematized in the inset of
Figure 4a). The application of an external pressure acts against this anticorrelation, by
increasing the alignment of the Nb—Nb bonds with the cell axis. The average tilting angle
of the Nb-Nb bond with respect to the Nb chain, calculated assuming a perpendicular
anticorrelated displacement of the Nb-Nb pairs, decreases from 6.5(5)° at 0.3 GPa to 3(1)°
at 26 GPa.

In order to take into account possible anharmonic effects, the additional cumulant
expansion of the EXAFS formula was attempted for the data analysis of the Nbj shell [41].
However, we found the correlations between the first cumulant C; (distance) and the third
one C3 (skewness), taking into account the asymmetry of the distribution, to be higher than
90% . The same is true for the correlations between Cy, being the MSRD, and C,4 (Kurtosis)
describing the tailedness of the distribution. This gave large uncertainties on the parameters
making the results less reliable. Therefore, we did not use the cumulant expansion in the
standard analysis but exploited the RMC analysis to obtain deeper structural details.

The plots in Figure 5 show the Nb; (panel a) and Sn; (panel b) pair distribution
functions as obtained from the RMC models. The Nbg and Sn; distributions are broad
and asymmetric at low pressures. Raising the pressure makes the distributions narrower
and shortens the interatomic distances, visually showing the “squeezing” and the over-
all ordering of the structure. To obtain quantitative information about the local atomic
structure around Nb atoms, we calculated the parameters characterizing the neighboring
distributions (mean values, variances, higher moments of the distributions) as a function of
pressure directly from the RMC structural models (see Figure 5¢). The results obtained by
RMC refinement of the EXAFS data measured at 0.3 GPa in DAC were fully consistent with
those independently measured at AP on a standard set-up. This reinforces the confidence
on the reproducibility of the data and the reliability of RMC analysis on independent data
sets. However, from this data it is evident that at low pressures, the Nb; distances, a/2
and the MSRD parameters calculated from the RMC atomic models differed from those
obtained using the standard EXAFS analysis (Figure 5¢, Distances and ¢?).

To explain this discrepancy we must point out that, as discussed in the EvAX man-
ual (http://www.dragon.lv/evax/), the structural parameters characterizing the atomic
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distribution (average interatomic distances, MSRD, and so on) estimated from the atomic
configurations, cannot directly be compared with the results of standard EXAFS if the
atomic distributions are asymmetric. This is due to the fact that Equation (1) is blind
to non-Gaussian contributions [41], while the RMC model converges to the most disor-
dered solution consistent with the experimental data [56]. In our case, absolute differences
are expected between the two methods, especially for the low pressure data, where the
atomic distributions appear broader and asymmetric. As the pressure squeezes the atomic
distributions, the results of RMC and standard EXAFS analysis converge to similar values.

In order to prove the consistency between the present RMC and standard analysis,

we considered the X(CIZP) obtained from the RMC structure at AP and the corresponding

XE;“;’ ) experimentally obtained and we fitted both signals following the standard EXAFS

formula. The obtained results are reported in Figure 6 and Table 2. The good agreement
between the structural parameters obtained fitting the experimental and the RMC signal
confirmed how the above mentioned discrepancy was liked due to the different sensibility
of the two methods. In fact, while the absolute values obtained from RMC and the
standard EXAFS analysis differed, the overall structural behavior was confirmed. In
particular, the Ry, distances (Figure 5c—Distance panel) at low pressures result was larger
than the a/2 calculated from the average next neighbor Nb distances. However, such a
difference decreases with the increasing pressure and, similarly to the standard analysis
case, Ryp, =~ a/2 at high pressures. This confirms the model of anticorrelated Nb-Nb
displacement along directions perpendicular to the Nb chains.

Figure 6. Best fit of the AP data comparing the K2 ngf ) (top figures: (a,b)) and k2 Xéﬁp) (bottom
figures: (c,d)). In particular, (a,c) panels report the k2-weighted EXAFS signal and (b,d) panels their
corresponding Fourier Trasform (FT) moduli | FT|. In both the panels, the experimental data are
reported as green dots, the best fit curves as black lines and the residuals are reported as grey dots at
the bottom of the figures.
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Table 2. Comparison between the structural parameters obtained from the EXAFS and RMC fit of

the experimental AP data k? Xe('xA; ) and from the EXAFS fit of the X(CIZP) curve.
AP Data Ry, [A] a2 [A] TXb,
EXAFS fit of Xexp 2.644(4) 2.638(3) 0.0064(4)
RMC fit of xexp 2.60(1) 2.56(1) 0.020(2)
EXAFS fit of xca 2.649(4) 2.644(4) 0.0064(4)

Considering the pair distribution functions obtained from the RMC model in Figure 5,
it was possible to observe a bimodal distribution appearing at 26 GPa, with two sharp
peaks with AR/R ~ 3.8%. We therefore tried to improve the standard EXAFS analysis of
the data at 26 GPa considering a bimodal distribution for the Nb; shell. During the fit, two
Rnp, (a,b) distances were refined with the same multiplicity numbers (N(a,b) = 1) and
MSRD (Ulz\lbl (a) = Ul%sz (b)). The obtained fit is shown in Figure 7 and the corresponding

results are reported in Table 3 along with the square residual function R2, a statistical
indicator representing the best fit quality [38]. The Ry, (a,b) distances (Table 3) matched
well those in Figure 5a) and ‘712\711, (a,b) were half of the MSRD of the single shell model.
This demonstrated the consistency between RMC and the standard EXAFS analysis and
reinforces the reliability of the analysis procedures. It is important to notice that, as the
double shells model slightly improved the fitting by about 5%, the number of free parame-
ters increased by one. To evaluate the statistical significance of the best fit improvement we
evaluated the associated Fisher F function [57]:

2 2
_ Rw] _sz Ni_nz

F = ~ 17 3)

R%Uz np —np

where 17 and n; are the number of free parameters in the fit with single or double Nbj shell,
R?Ul and R%UZ the corresponding square residual functions and N; ~ 51 is the number of
independent experimental points in the fit [57]. The experimental F ~ 1.7 corresponded to
a p-value ~ 0.2, which established that the double shell model was not statistically justified

in the standard analysis despite the improvement of the residual function.

Table 3. Quantitative parameters obtained from the EXAFS fit of the data at 26 GPa. The results
obtained with a single shell model and a bimodal distribution model are compared. Parameters
indicated with * were constrained during the analysis. The multiplicity number N was fixed to 2 for
the single shell model while for the bimodal distribution model it was constrained to 1 for each shell.
In the bimodal distribution model the Ry, parameters was left free to vary for each shelll and the
‘712\7171 of the two contributions was constrained to be the same. In the last column of the table the R%,
parameters indicates the best fit quality.

26 GPa N Ryp, [A] X, R},
single shell model 2% 2.545(4) 0.0044(4) 0.0615
bimodal distribution model 1* 2.498(5) 0.0022(2) * 0.0587

2.607(4)
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Figure 7. Best fit of the k?x (k) data at 26 GPa. In panel (a) the best fit obtained with a single shell
model is reported while panel (b) shows the fit obtained with a bimodal distribution model of the
Nbj shell. In both the panels, the experimental data are reported as green dots and the best fit curves
as a black line. The contributions used to fit the Nbj shell (S; for the single shell model, S; and
S, for the bimodal distribution model) are reported by orange lines vertically shifted for clarity.
The contributions from the other coordination shells are not shown for sake of clarity. The best fit
residuals (k?( Xexp — Xfit)) are reported as grey dots at the bottom of the panels.

The MSRD calculated for the first three shells (‘TIZ\Ib,' (Ténl, (712\”7“) are shown in
Figure 5c—MSRD. They were all larger than those found in Figure 4. As discussed above
such a discrepancy must be attributed to the different sensitivity of the standard EXAFS
formula and RMC refinement to the atomic distribution functions. However, the three
MSRD data decreased under raising pressure, pointing out to an overall ordering of the
structure. At lower pressure, the Ulleb, was the largest of the three but it decreased upon

22
pressure increase as ‘fg, ~ —7.0(2) x 10~* A”/GPa. Whereas, the Ugm and Ulz\,hn were both

decreasing with the same (slower) rate of % ~ —3.5(2) x 1074 Az/ GPa. To understand
this effect we note that the MSRD measured by EXAFS for an hypothetical pair of atoms
A — B was [41,44]:

2 2, 2
U4p = 04 + 08 —27ABUACR

where 07 is the average atomic displacement of the i-th atom around its equilibrium position
in the crystallographic structure, y4p is the atomic displacement correlation function
(=1 < v4p < 1). In this formula y4p = 0 means the A and B atomic displacements were
uncorrelated, whereas Y45 > 0 (745 < 0) means that A and B atoms were displaced in the
same (opposite) direction(s). The atomic displacement of distant neighbor shells was likely
uncorrelated (yap ~ 0) [52], so that the more rapid decrease of (712%[ was in agreement
with the reduction of anti-correlated displacement of Nb atoms perpendicular to the Nb
chain discussed above, and even suggested a positive correlation when raising the pressure
above 23 GPa.

The higher moments of the Nb; distribution were calculated directly from the 3D
atomic models (Figure 5c—Skewness and Kurtosis). At ambient pressure, the Nb; pair
distribution is strongly asymmetric (Skewness ~ —1), with a broad tail at low R. Under
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applied pressures (up to 20 GPa), the asymmetry slightly increased (Skewness absolute
value), then it suddenly decreased and vanished at 26 GPa. The pressure-induced evolution
of the Kurtosis showed an initial negative value at AP and 0.3 GPa. When raising the
pressure, its value increased systematically up to 23 GPa then suddenly dropped down once
26 GPa are reached. These findings established a complex pressure-induced evolution of the
Nb-Nb pair distribution functions and pointed out an anomaly above 23 GPa. Noticeably,
no structural changes were found by XRD in the same pressure range, underlining the local
nature of these changes.

Further details about the local atomic arrangement around the Nb atoms are obtained
by looking at the three body distribution functions ¢(®), in particular by looking at the
order along the Nb chains. The sensitivity of EXAFS to the ¢(®) of the Nb-Nb-Nb triangles
was high because the MS signal was enhanced by the focusing effect on the central atom.

The RMC atomic model allowed the geometrical parameters defining the Nb-Nb—
Nb arrangement to be directly calculated, in particular, the two Nb-Nb shorter bonds
Rj, Ry, and the angle between them 6y;. In Figure 8 (panels b) the 6y distribution is
presented. It is possible to observe how its average value increased from 174.9° in the
low pressure RMC models (AP and 0.3 GPa) up to 176.4° for the highest pressure model
(26 GPa). This trend was in agreement with the standard EXAFS analysis and confirmed
that a higher pressure not only squeezed the structure (interatomic distances) but also
reduced the anticorrelated displacement of the Nb neighbors perpendicular to the Nb
chains. Additional qualitative information can be derived by looking at the R vs. R;
plots (Figure 8a: panels) providing a view of the Nb-Nb-Nb displacement correlation
along the chains. At low pressures (AP and 0.3 GPa) the R, vs. R; points were quite
randomly scattered. Raising the pressure to 5 GPa established a peculiar trend in the Rj vs.
R; distribution with two different atomic displacement models: i. A fraction of (Ry, R;)
configurations were arranged close to the center of the panels (R, ~ R;) and were weakly
correlated; ii. The remaining fraction of (Ry, Ry) point roughly aligned along the plot’s
diagonal, suggesting a configuration where R; and R; varied in an anti-correlated way:
larger R; correspond to shorter Ry and vice versa, with the relative difference between
Ry and R; being AR/R ~ 9%. We emphasize how this finding established an evolution
of the Nb-Nb-Nb ¢(®) up to 5 GPa, in the same pressure region where anomalies in the
compressibility of the Nb3zSn (technological wires) have been reported [15].

In order to represent the Nb-Nb-Nb ¢(®) behavior above 5 GPa, we built a qualitative
model as schematized in the right panels of Figure 8c: i. a fraction of Nb-Nb-Nb configu-
ration (highlighted in red) corresponds to Nb-Nb.-Nb isosceles triangles (R; ~ R;) with
Nb. randomly displaced, preferentially in the direction perpendicular to the Nb chains
(Figure 8¢, top scheme). ii. The other fraction (highlighted in green), was associated to the
asymmetric arrangement of Nb, (with Ry < Ry or Ry < R;) where the Nb. was randomly
displaced, preferentially in the direction parallel to the Nb chains, thus providing a local
dimerization of the Nb-Nb bonds (Figure 8c, bottom scheme). The results of such a simula-
tion are shown for the 14 GPa analysis in Figure 8c (center panel) for sake of qualitative
comparison. Under compression, the fraction of anticorrelated configurations decreased
also reducing AR = |R; — R;|. The fraction of dimerized configurations disappeared at
23 GPa. Upon further compression (up to 26 GPa) the R, vs Ry distribution results were
more squeezed. In particular, the value of the average distribution of Ry;, became very
close to a/2 (Figures 4 and 5). Interestingly, while a fraction of the configurations was
localized at the points Ry ~ Ry, at such a pressure a novel Ry vs R correlation mode was
established, where shorter (around 2.5 A) and sharper R;( R;) distances were associated
to longer (around 2.6 A) and wider R, (R;) distances, corresponding to the bimodal Ry,
distribution highlighted in Figure 5.
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Figure 8. Pressure induced evolution of the Ry — R, distances (a) and corresponding angles (b).
Explanatory model (c) of the correlated disorder for Ry — R, distribution compared with the ex-
perimental data obtained from RMC model at 14 GPa (background). The points are calculated by
randomly displacing Nb,. For the red points the average distances are the same Ry = R; and the
random displacement is preferentially perpendicular to the Nb chain (as schematized in the top
scheme). For the green points the average distances are different Ry > (<)R; and the random
displacement is preferentially parallel to the Nb chain (as schematized in the bottom scheme).

Briefly the analysis of the Nb K-edge EXAFS data carried out combining traditional
and RMC approaches provided a deep insight on the evolution of the local atomic structure
around the Nb atoms in Nb3Sn as a function of pressure. In particular, the EXAFS data
analysis showed an anticorrelated displacement of Nb atoms perpendicularly to the Nb
chains which decreased when raising the applied pressure. Our results also suggested
the loss of the cubic (Pm-3n) symmetry at the local scale. Noticeably, recent ab initio
simulations [58] showed that lower symmetry structures were energetically favoured with
respect to the Pm-3n in other A15 systems such as NbzAl. In particular, the C, /c symmetry
allowing anticorrelated Nb atom displacements perpendicularly to the Nb chains, was
energetically favored with respect to the Pm-3n one at ambient conditions and in a wide
range of pressures. This work suggested that a similar behavior is observed in Nb3Sn at
the local scale.

The RMC analysis provided a further insight into the local Nb3Sn structure thanks
to the direct access to the 3D atomistic models. The analysis of the Nb; nearest neighbors
distributions pointed out non-Gaussian contributions (Figure 5), in particular, the negative
Skewness (~ —1) being associated to a fractions of closer Nb-Nb pairs. The Kurtosis
parameter increased with raising pressure. Raising the pressure above 23 GPa sudden
reduced the non-Gaussian contributions. This behavior is better understood looking at the
parameters defining the three body distribution function (3 of the the Nb-Nb-Nb chains
(Figure 8). The RMC atomistic model suggested a bimodal behavior for the Nb-Nb-Nb
configurations along the Nb chains: some of them depicted the symmetric displacement
of the central Nb perpendicularly to the chain (isosceles triangles) coherently with the
anticorrelated Nb-Nb displacement discussed above. Nevertheless a fraction of the Nb—
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Nb-Nb triangles had R; # Ry, with AR/R ~ 9%. These scalene triangles produced the
partial dimerization of the Nb chains. It is noticeable that recent single crystal HP-XRD
measurements performed at low temperatures (10 K) [17] on a slightly non-stoichiometric
Nb3Sn;_, demonstrated a pressure induced symmetry lowering to the P4, /mmc space
group at around 3 GPa where some of the Nb-Nb chains were dimerized in agreement with
the present RMC EXAFS analysis. Our results coherently recognized that the anticorrelated
displacement along the Nb-Nb-Nb chains was locally stabilized in that low pressure room
temperature region . Finally, our EXAFS analysis showed that raising the pressure up to
26 GPa suppressed most of the local disorder.

4. Conclusions

In this study, the local atomic structure around Nb in Nb3Sn has been characterized
in situ between ambient pressure and 26 GPa by XAS. The Nb K-edge EXAFS data were
analysed using a standard multi-shell method, based on small Gaussian disorder model
and a RMC method, providing a 3D atomic structural model. The results obtained from
analysis carried out independently on the same sample, using different experimental set-up
(AP and 0.3 GPa) are completely consistent. This demonstrates the reproducibility of
the adopted procedures. The results of AP multishell EXAFS data analysis are in good
agreement with previous literature [23]. The results obtained with RMC and the standard
EXAFS analysis differ at low pressure, likely due to the different sensitivity of the two data
analysis techniques to the structural disorder, and the presence of alarge non-Gaussian
contributions. In fact, they become fully consistent at high pressures, where the sharper
radial distributions are better described by the small Gaussian disorder model at the basis
of the standard EXAFS formula. This strengthens the consistency between standard and
RMC EXAFS analysis.

The results reported here provide a deep insight on the Nb local atomic structure,
highlighting a complex behavior of Nb arrangement at the atomic scale which is not
detectable by long range order probes such as X-ray diffraction. Noticeably, our EXAFS
findings are coherent with novel details about the atomic structure of A15 systems which
recently came to light [15,17-19].

It is worthwhile to note that the details of the phononic spectra and the electron density
of states (DOS), both intimately related to the details of the atomic structure, are dominant
in determining the stress-induced critical performance degradation of Nb3Sn [59-61].
The present results represent a new knowledge, relevant for providing accurate physical
models in view of a better understanding of the superconductive properties, thus helping
to individuate a route towards improving their critical properties.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-435
2/11/4/331/s1.

Author Contributions: C.M. and S.A. conceived the experiment. S.A., R.L., R.T. and C.M. conducted
the experiment. 1.S. and C.M. analyzed the results. T.S. and R.F. prepared the sample. T.I. provided
the nano-polycrystalline diamonds. E.S. collaborated in understanding the results. The manuscript is
written through contributions of all authors. All authors have given approval to the final version of
the manuscript.

Funding: This work has been carried out within the framework of the EUROfusion Consortium and
has received funding from the Euratom Research and Training Programme 20142018 and 2019-2020
under grant agreement No 633053.The views and opinions expressed herein do not necessarily
reflect those of the European Commission. S.A. acknowledges the support from the Natural Envi-
ronment Research Council of Great Britain and Northern Ireland via grants NE/M000117/1 and
NE/MO00046X/1.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are provided in the figures of the article.


https://www.mdpi.com/2073-4352/11/4/331/s1
https://www.mdpi.com/2073-4352/11/4/331/s1

Crystals 2021, 11, 331 16 of 18

Acknowledgments: The authors acknowledge the ESRF for provision of beamtime on the beamlines
BM23 (proposal number: MA-3442) and J. Jacobs for DAC preparation.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AP Ambient Pressure

DAC Diamond Anvil Cell

DFT Density Functional Theory
DOS Density of State

EA Evolutionary Algorithm

EXAFS Extended X-ray Absorption Fine Structures
FT Fourier Transform

HP High Pressure

MS Multiple Scattering

MSRD  Mean square relative displacement
RMC Reverse Monte Carlo

SS Single Scattering

WT Morlet wavelet transform space
XAFS  X-ray Absorption Fine Structures
XAS X-ray Absorption Spectroscopy
XRD X-ray Diffraction
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