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Abstract
Superconductors can carry very high current densities without resistive loss. This makes them
highly suitable for the construction of compact high field magnets of several tens of tesla. However,
with increasing current density and magnetic field come high Lorentz loads and high strain levels,
and it is empirically known that superconducting properties are affected by strain. The
superconducting properties of the most commonly used high field material, Nb;Sn, are particularly
badly affected by strain. Here we demonstrate that strain causes significant sub-lattice distortion in
the A15 lattice structure of Nb3;Sn, and show how this leads to the relatively large reduction of its
superconducting properties. The changes are found to be primarily due to changes in the electron
density of states, with a lesser contribution due to changes in the phonon spectrum. The amount of
sub-lattice distortion further depends on crystal orientation. These findings suggest that it is possible
to mitigate the reduction of the current carrying capacity by strain through crystal alignment and
sub-lattice stabilization. This would enable superconducting magnets to reach a significantly higher

magnetic field, and ease their construction by simplifying react-and-wind coil fabrication.
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(Some figures may appear in colour only in the online journal)

1. Superconductors for high field magnets

Science research and medical applications that use electro-
magnets, such as the high energy physics community; mate-
rials, physics, chemistry, and biology scientists using nuclear
magnetic resonance; medical applications that use magnetic
resonance imaging; and fusion programs such as the Inter-
national Thermonuclear Experimental Reactor, all have a
strong need for higher magnetic fields to enable a higher level
of energy and enhanced resolution [1-3]. The use of super-
conductors poses major benefits for generating very high
magnetic fields, due to their capacity to carry effective current
densities that are three orders of magnitude higher than in
normal-conducting materials since they do not generate heat
due to ohmic loss.

The industry standard superconducting material is the
ductile alloy of niobium and 46.5 wt% titanium, Nb-Ti [4],

0953-2048/18,/105011+-08$33.00

which can transport current up to a critical current density, J.,
of 3000 Amm 2 at 4.2 K and 5 T. Its application is, how-
ever, limited by its upper critical magnetic field, p,Hc,, of
14.5 T, and critical temperature, 7, of 9.2 K. To generate
magnetic fields beyond the limitation of Nb-Ti, one com-
monly switches to the intermetallic compound NbsSn [5, 6]
which, with a p,H, of 30T, a T, of 18 K, and a J. of
3000 Amm 2 at 42 K and 12 T in the non-copper fraction,
roughly doubles the available magnetic field and critical
temperature. One can therefore generate more than twice the
magnetic field in a solenoid with a given volume when using
Nb3Sn instead of Nb-Ti, since the central magnetic field is to
first order equal to the current density, J, multiplied by the
windings thickness.

NbsSn is, similar to Nb-Ti, commonly made available as
about 1 mm diameter wires in which a few to a few tens of
pm diameter twisted filaments are embedded in a stabilizing,
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Figure 1. Backscatter electron micrograph from a scanning electron microscope (SEM) of a cross-section of a typical bronze-process Nb;Sn
wire (left) manufactured by Furukawa Electric Co. Ltd after a diffusion heat treatment at 650 °C for 240 h. Nb filaments are embedded in a
Cu-Sn bronze matrix to which 1 at% Ti is added. The bronze is surrounded by a Ta diffusion barrier and embedded in a high purity Cu
matrix. During the Nb;Sn-forming heat treatment, Sn and Ti diffuse into the Nb filaments to form a ternary (Nb, Ti);Sn layer (right) through
a solid-state diffusion reaction. SEM cross-section taken by P J Lee and adapted from [7].

mostly copper, matrix (figure 1). In contrast to ductile Nb-Ti,
Nb3Sn is brittle, and wires (and mostly also magnets) are
fabricated while the Nb and Sn are still separated and ductile
in the wire cross-section. The NbsSn is then formed after coil
winding through a solid-state diffusion reaction at around
650°C in an inert atmosphere of argon gas or vacuum.
During this heat treatment, the Sn diffuses from a Sn source
into the Nb and reacts to form the brittle Nb3Sn phase. A
number of different wire processes exist. An example of a
wire that is manufactured using the so-called bronze-process
(in which a Sn-rich bronze is used as the Sn source) is shown
in figure 1.

2. Intermetallic niobium-tin

Although mostly referred to as Nb;Sn and forming in the A15
lattice structure, in practice it rarely occurs in the stoichio-
metric composition since the A15 phase is stable from about
18 to 25 at% Sn [5, 6]. Due to this, the solid-state diffusion
principally leads to Sn gradients, with the resulting Al5
composition being Sn-rich close to the Sn source, but Sn-
depleted further away from the source [8]. Both H., and T
increase significantly with increasing Sn content and peak
around 24.5 at% Sn at 30 T and 18 K, respectively [9]. The
highest current density wires are therefore designed to achieve
large volume-fractions of Sn-rich Al5, so that the super-
conducting properties are retained in as much superconductor
as possible when the magnetic field or temperature increases
[10]. Above 24.5 at% Sn a lattice instability triggers a
spontaneous cubic-to-tetragonal transition, which causes a
collapse of H., [11]. For this reason NbsSn is often alloyed
with a ternary element (mostly Ti or Ta), which cause an

increase of the electrical resistivity and a stabilization of the
high-H,, cubic phase. At present, Nb3Sn seems fully opti-
mized in terms of composition, which determines its H,, and
1. [5, 6, 11].

NbsSn is, like Nb-Ti, a so-called Type 2 superconductor,
in which magnetic flux quanta in the shape of flux lines
penetrate its interior when the external magnetic field is
higher than the lower critical magnetic field H..;. The flux-line
density increases with the external magnetic field until the
flux lines start to overlap, thereby defining H,,. Carrying a
transport current causes a gradient in the flux-line density, and
a force, which is perpendicular to the current, on the flux lines
to re-establish a homogeneous distribution. Following Max-
well’s equations, flux movement perpendicular to the current
will cause an electric field parallel to the current and thus
ohmic loss. This has to be prevented by pinning the flux lines
at grain boundaries or defects. The pinning force that can be
provided determines the current density J.. Nb3Sn is, in
contrast to Nb-Ti, not yet fully optimized in terms of flux
pinning due to the absence of sufficient pinning centers, and
gains of a factor of two to three in the current density J. at
12 T and 4.2 K are within reach [12].

A complication when carrying a high current density in a

— — —
high magnetic field is the high Lorentz force, F, = J x B,
that acts on the superconducting wires. This load causes,
through the compliance of the conductor and supporting
structure, a significant level of deformation, or strain, €, on the
superconducting material that comes in addition to manu-
facturing and thermal strain. From experiments it is well
known that the superconducting properties are, to a greater or
lesser extent, affected by strain. Measurements of the strain
sensitivity are most commonly done by imposing a uniaxial
strain on the superconductor, characteristically in the range of
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Figure 2. Experimentally observed variations of the upper critical
magnetic field with strain of bcc Nb (this work), Nb-Ti [15], and
Nb3Al and NbsSn [14] (open symbols), compared to calculated

changes in the electron density of states (DOS) (closed symbols).

—1% to +0.5%. This strain range covers the strain levels that
are generated in magnets under operating conditions. For
NbsSn it is found that, despite the material’s brittleness, a
reversible change in the superconducting properties occurs
until the NbsSn fractures, which usually takes place in ten-
sion. A number of empirical descriptions exist in the literature
to describe the behavior of the critical current density as a
function of strain J.(¢) for Nb3Sn (see for example [13] and
the references therein), but until now a comprehensive
explanation of the principle physical origin of the changes in
the superconducting properties with strain has not been
published.

The typical loss of J. at 0.5% uniaxial compressive or
tensile strain at 4.2 K for Nb;Sn is about 50% for a magnetic
field around %ch. This loss in critical current density J
results in more bulky coil windings unless the strain can be
limited, and it stems from a reduction in the upper critical
magnetic field H,(T), which in turn limits the achievable
magnetic field. Notably, the reduction in the superconducting
properties of Nb3Sn is about twice that of Nb3Al [14], which
is a comparable superconductor that also has the A15 crystal
structure, but is metastable and, hence, much more difficult to
produce. The strain sensitivity of Nb3Sn is in addition more
than one order of magnitude higher than in other Nb-based
superconductors such as Nb—Ti and Nb (shown in figure 2). A
fundamental understanding of why these differences in the
sensitivity to strain are so large is critical to finding methods
to reduce the strain sensitivity of Nb3;Sn. We therefore per-
formed a comprehensive analysis of the origin of the strain
dependence of NbsSn using ab initio and microscopic calc-
ulation without a priori assumptions on the physical origin of
the strain sensitivity (in contrast to earlier attempts by others).
We compare results to Nb and NbsAl and validate our

calculations with new measurements and experimental results
from the literature.

3. Methods

3.1. Ab initio and microscopic calculations

The materials shown in figure 2 are all phonon-mediated
superconductors. This means that free electrons, whose
availability is captured in the electron DOS at the Fermi
energy level, N(EF), form superconducting Cooper pairs [16]
by coupling through the vibrating ions in the lattice. The
magnitude by which these ions can vibrate at various fre-
quencies is described by the phonon spectrum, or phonon
DOS as a function of frequency, F(w). The detailed interac-
tion between the electrons and the vibrating ions, again as a
function of frequency, is described by the electron—phonon
coupling characteristic, az(w), which includes the density of
electrons and the ion mass. The product az(w)F (w) is referred
to as the Eliashberg function [17] and captures the electronic
and vibrational properties of the material. From this function,
an electron—phonon coupling constant, A\, can be calculated
through:

L rQRWFW) ,  NE) ()
A= 2f e = T (1)
with f F(w)dw = 1. )

The right side of equation (1) was proposed by McMillan [18]
and Hopfield [19] in which (w?) is the average of the squared
vibrational frequency:

N _ 2 2
) =% fa (W) F (W) wdw, 3)

(I?) is the mean electronic matrix element, and M is the
effective ion mass. After a correction for the Coulomb
repulsion between electrons, u*, leading to an effective
electron—phonon coupling constant, A\, the critical temper-
ature can be calculated through [20]:

0.25(w2)05

Je e — 1

in which e is the elementary charge.

The upper critical magnetic field can be calculated using
the microscopic theory for phonon-mediated super-
conductivity as developed by Ginzburg and Landau [21],
Abrikosov [22], and Gor’kov [23]. The normal-state resis-
tivity, p,, just above the critical temperature 7; of stoichio-
metric Nb3Sn is below 5 p2 cm [5]. This is generally referred
to as a clean limit, for which the mean scattering time between
electron collisions, 7, is large, leading to a long mean-free-
path, I, for a given velocity of the electrons around the
Fermi energy, Vg = I,/ 7. For the mainly off-stoichiometric
A1S5 phase that occurs in wires, p, gradually increases with
reducing Sn content to around 90 uf2cm at 18 at% Sn [5],
which is referred to as dirty with a short mean-free-path.
Calculations of H., have therefore been performed for the

“
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intermediate to dirty range, with corrections for strong cou-
pling between the electrons and for Pauli paramagnetic lim-
iting of H,,. We previously demonstrated that calculating H,,
in this way accurately agrees with experimental results on a
wide range of samples of various compositions and
morphologies [11]. Additional corrections [24] were found
insignificant, but for a discussion of these and the details of
the calculations of the upper critical magnetic field H., we
refer to our earlier publication [11].

The electronic properties and the phonon spectrum, as
well as their variation with strain, were calculated using
density functional theory (DFT) and density functional per-
turbation theory in QUANTUM ESPRESSO [25], using a
stoichiometric Nb3;Sn unit cell of six Nb and two Sn atoms in
an A15 crystal structure. For the details of these calculations
we again refer to our earlier publication in which we describe
results for disordered NbsSn [11]. The calculations require a
huge amount of processing power and were therefore per-
formed using the computing resources at the Cornell
NanoScale Science and Technology Facility and Berkeley’s
National Energy Research Scientific Computing Center. A
large number of calculations at various strain states were
needed. A complication arised since calculations for off-
stoichiometric Nb;Sn require calculations on large super cells
to accommodate the 18-25 at% Sn composition range, which
would have required excessively large computational time. To
retain manageable calculations, three approximations
were used.

For our first approximation, we note that off-stoichio-
metry creates disorder in the lattice, increased scattering, a
shortening of the mean-free-path length /s, and an increase
of the normal-state resistivity p,. Following others [26, 27]
and our earlier work [11], we simulated such disorder by
introducing electron lifetime broadening. This creates an
uncertainty in the energy of the electrons to simulate the
increased amount of scattering, which can mathematically be
described by [27]:

Ey = —, &)

7
T
in which E, is the energy broadening and 7 is the reduced
Planck constant. We demonstrated previously by comparison
to experimental results and super-cell calculations that this
approach to simulate disorder while retaining unit-cell cal-
culations yields correct values for the critical temperature 7
and the upper critical magnetic field H., as a function of
composition, and is a reasonable approach to describe dis-
order in general [11]. We will therefore approximate the
effects of off-stoichiometric composition to be dominated by
the disorder it produces.

Our second approximation concerns the derivation of a
function to describe the electron—phonon coupling char-
acteristic for a multiple ion system, which we will refer to as
agff (w). By combining (1)—(3) it is found that for single ion
superconductors:

a2 (w) = ady NEUEF), (6)

with oy = (I%)/2M, a constant. For a multiple ion system,
however, it is non-trivial to determine how the electrons
couple to the individual ion species. As a solution, one can
assume a weighted summation of the individual ion con-
tributions [11] and combine that with experimental observa-
tions [28]. In this way, it is found for Nbs;Sn that
ozgff(w) o exp(—w/wp), and one can derive an empirical
expression for the electron—phonon interaction characteristic
of NbsSn:

a2 (W) = adyer N (Er)exp(—w/wy). @)

This relation has two global constants: a characteristic fre-
quency wy of 14.2 meV, and a constant for a multiple ion
system ofy; o Oof 2.08 x 1073 eV?/(states x unit cell). The
details of this derivation, as well as verifications of the
validity of this approach were published previously [11].

Our third approximation is the assumption of a constant
Coulomb repulsion ,uﬁ. Results from tunnel experiments show
that ,u§ is 0.13 + 0.02 over the entire resistivity (and com-
position) range /[11, 29], and the average ,uﬁ calculated from
five measured Eliashberg spectra of stoichiometric Nb;Sn is
0.125 4 0.04 [11], which we will use as a global constant.

Ab initio calculations were performed using these
approximations, starting from a strain-free, cubic A15 lattice.
The DFT-determined minimum-energy cubic lattice constant
is 0.5313 nm, which is close to the value of 0.5290 nm that is
measured in stoichiometric bulk NbsSn [30], and within the
accuracy that can be expected from DFT calculations. The
spontaneous tetragonal distortion occurs only above a critical
mean scattering time 7. of (1.53 £ 0.08) x 107 s with a
root-mean-square velocity at the Fermi energy level
VEms = (2.121 £ 0.014) x 10° ms~! and thus for /g >
325+ 0.19nm and p, < p. =27.0 £ 1.2 u2cm [11].

The calculations were only performed for shorter mean-
free-paths, since unit-cell calculations in the preferentially
tetragonal regime give incorrect results [11] due to the
occurrence of c-axis misalignments that cause so-called tweed
patterns and local strain variations on a scale of 10 nm. The
effects of such local strain variations on the electronic prop-
erties are unclear, and investigating these requires calculations
using very large super cells, which is computationally
unrealistic.

We focus here on calculations for an /g of 2.85 nm,
since for this mean-free-path length the critical temperature 7;
is 16.7 K and the upper critical magnetic field p,H, is 28.1 T
[11], which are values that are representative for wires
[31, 32]. Calculations of the effect of strain were performed
also for other mean-free-paths and these show that the sen-
sitivity to strain increases for cleaner material with a longer
mean-free-path. Strain is applied in either the [100] or [110]
direction to enable comparison to experimental results
(below). A structural optimization, in which the out-of-plane
lattice vector is free to expand or contract and all ions are
allowed to assume the most energetically favorable position,
is performed for every strain state.
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In addition to extensive calculations on A15 NbzSn, the
electronic DOS as a function of strain was also calculated for
A15 Nb3Al and for bec Nb and Nb-Ti to enable comparisons
to their sensitivity to strain. Calculations of structural opti-
mizations with strain in the [100] direction were performed on
all these materials, after which N(Eg) was calculated. The
mean-free-path for NbsAl was fixed to /5 = 2. 85 nm. For
Nb and Nb-Ti an /.5, of 6.5 nm was used, corresponding to
the experimentally observed p, of 5.6 uQ2cm for the Nb
sample in figure 2.

3.2. Experiments

To validate our calculations, we compared to experimental
data from literature, and to own measurements on bulk mat-
erial, thin films, and wires. Details of sample preparation and
initial characterization of the bulk and thin film samples,
including our finding that the normal-state resistivity p, is
significantly affected by strain [33], were published earlier
[33-35], with further experimental characterization to be
published elsewhere [36]. Here we summarize the sample
details that are relevant for our present analyses.

Thin film and bulk samples were mounted by glueing
them on a Ti-6Al-4V substrate to which strain can be applied
and on which voltages as a function of transport current can
be measured at various magnetic fields and temperatures. It
has been shown before that the macroscopic strain is correctly
transferred to the NbsSn crystals in such experiments [37]. A
polyimide film is placed in between a sample and the holder,
so that the normal-state resistivity of the superconductor
remains accessible, which is important for correlations to the
microscopic theory.

The transfer of the longitudinal in-plane applied strain
was confirmed using strain-gauges mounted on top of the
sample. For the strain in the transverse in-plane direction of
the thin films, which is mainly determined by the Poisson
ratio of 0.342 of the Ti—-6Al-4V substrate material, a Poisson
ratio of —0.340 £ 0.007 was measured. Strain in the free out-
of-plane transverse direction is determined by the Poisson
ratio of the NbsSn, which is around 0.45 [37, 38]. The
effective Poisson ratio for the radial direction in Nb3Sn inside
wires, in which its magnitude is reduced due to the presence
of the matrix materials, is between 0.35 and 0.38, depending
on wire type [39, 40]. It can therefore be concluded that, at
least to first order, the three-dimensional strain state in model
samples, wires, and calculations, will be similar when a one-
dimensional deformation is induced.

The crystal orientation in the thin films, as measured by
x-ray diffraction, is preferentially [001] in the out-of-plane
direction and the in-plane orientation is random. This means
that the Nb;Sn grains in the film are exposed to either a [100]
or a [110] strain, or a direction in between these limits.
Crystal orientation analyses on wires indicate a [100] or [110]
preferential orientation in the Nb3Sn parallel to the wire axis,
presumably at least partially as a result of the strong texture
that is present in the Nb and Nb-Ta precursors due to wire
drawing [41]. Since the strain in the experimental results is
predominantly in the [100] or [110] direction or any direction

Cubic, hip=2.80nm, 6=0

= | L
o | L
uj oA
. F L
w r i 3 R
-05 L | ! ! I H YR 19T A 0 5
a) 000 001 101 000 111 001111 011 N(E)
05 oo} = =1.5%, Inp = 2.80 nm, & = +5.4x107°
i 17 | N(EF) =
B r 11.78

\/\ I |

111 001111 011°

3
K
H
H
1 i

001 101

000 NE) 1°

Figure 3. Calculated electronic band structure (left) and DOS as a
function of energy (right) for a cubic Nb;Sn lattice (a) and for a
lattice that is deformed to —1.5% strain in the [100] direction,
resulting in a sub-lattice distortion § = +5.4 x 1073 (b).

in between, we limit our calculations to strain applied in these
directions.

4. Findings

In figure 3 the band structure and the electron DOS are shown
for the entire Brillouin zone under zero strain, and when the
crystal is subjected to —1.5% strain along the [100] direction.
Substantial differences are seen, including most notably a
decrease in N(Eg) from 14.33 to 11.78 states (eV X uc)™'.
Note that the band structures are calculated for a mean-free-
path of 2.80 nm, whereas in our other figures an [z of
2.85 nm is used. A larger /g results in slightly increased
values for N(Eg). A summary of N(Ef) as a function of e[,
over the practically relevant strain range is shown in figure 4.

A remarkable effect is observed in this [100] strain state:
the Nb ions in the directions perpendicular to the strain
change their relative position inside the lattice, moving
towards or away from each other as strain is applied, while
the relative position of the Nb ions along the strain direction
are largely unaffected, i.e. the two Nb chains perpendicular to
the strain direction ([010] and [001]) dimerize, while the ones
along the [100] strain direction remain equally spaced (there
is an overall tetrahedal distortion of the originally cubic cell,
so the Nb spacings are increase, but they remain equally
spaced). This effect, which emerges from the minimization of
energy in the computed structural optimizations and which we
will refer to as sub-lattice distortion, is sketched in the inset
of figure 4. The phenomenon is notably the same as the
rearrangement of the Nb ions during the spontaneous
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Figure 4. Calculated changes in the electron DOS with and without
suppression of the sub-lattice distortion. In the inset, the A15 Nb;Sn
lattice to which strain in the [100] direction is applied is schematically
shown. The resulting sub-lattice distortion in the Nb chains is also
indicated (e.g. Nb, strain) with the positions without sub-lattice
distortion depicted as a lighter shaded color (e.g. Nb, no strain).

cubic-to-tetragonal distortion that occurs for low resistivity,
stoichiometric samples [11, 42-44].

The sub-lattice distortion, 8, expressed as a fraction of the
lattice parameter, is —5.4 X 1073 and +54 x 1072 at a
strain €g19p; of —1.5% for each of the two transverse directions
for an I,g, of 2.85 nm. For Nb3Sn with about half the mean-
free-path, for an /5, of 1.3 nm, the sub-lattice distortion also
approximately halves to £3 x 107 for the same strain level.
Thus, the sub-lattice distortion due to strain is larger for
cleaner Nb3Sn with a higher T, and H.,. An important effect
occurs when the sub-lattice distortion is artificially sup-
pressed: the change in N(Ef) for any given strain is reduced
by more than one order of magnitude. This means that the Nb
sub-lattice distortion is the leading cause (for about 90%) for
the reduced N(Eg). Similar effects are seen for [110] strain
and for other directions, although the sub-lattice distortions
are more complex [36].

Next to a change in the electron DOS, also the phonon
spectrum is affected by strain, as is shown in the inset of
figure 5 for zero strain and —1.5% strain in the [100] direc-
tion: compared to the spectrum for the strain-free crystal, the
phonon DOS peaks are somewhat reduced in amplitude and
shifted to higher frequencies when the crystal is under —1.5%
strain in the [100] direction. To investigate the relative con-
tributions of the change in the electronic properties and the
phonon spectrum with strain, H., (¢, T = 0 K) was calculated
by allowing only the electronic properties to change while
fixing F(w) at the strain-free value, and comparing that to a
calculation of H,,(€) in which both the phonon and electron
DOS are allowed to change with strain. The result of this
comparison is shown in figure 5, and it is seen that for strain
in the [100] direction, the change in H,, is 85% attributable to
the change in the electronic properties, and only 15% is
attributable to changes in the phonon spectrum. For strain in
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Figure 5. Calculated changes in the upper critical magnetic field with
strain due to changes in the electron DOS alone, and due to changes
in the electron DOS and phonon spectrum combined. The inset
shows the change in the phonon spectrum between €190y = 0%
and —1.5%.

the [110] direction, the change in H,, is for 77% attributable
to a change in the electronic properties. These findings are in
contrast to other analyses in which mostly an a priori
assumption was made that changes in the phonon spectrum
[28, 45-49], or changes in the electron DOS [50-52], are the
dominant cause for the large strain sensitivity of Nb;Sn. We
also note that an assumption that changes in the phonon
spectrum dominate the effects of strain, is in conflict with the
experimental evidence that p, changes substantially with
strain [33, 36]: p, is at temperatures below 18 K mainly
determined by defect scattering and not by the phonons.

We now consider the effect of strain on N(Eg) for three
other phonon-mediated superconductors: bcc Nb and Nb-Ti,
and specifically for A15 NbzAl, with its similar crystal
structure but approximately half the sensitivity to strain
compared to Nb3Sn [14]. The resulting N(EF, €) are compared
with experimental results for H,,(¢) in figure 2. Despite only
using N(EF) as a proxy for H,, a striking agreement is found
between the relative changes in experimental data for H.,(¢)
and the calculated N(Ep, €).

The calculated N(Ef, €) of NbsAl also shows, similar to
what was experimentally found for H,,(¢), approximately
half the sensitivity to strain compared to the N(Eg, €) of
Nb;Sn. This difference is at least in part due to the lower
degree of sub-lattice distortion in NbsAl which, at —1%
compressive strain, amounts to 3.6 x 107> compared to
+4.3 x 107> for NbsSn. The resulting electron DOS for
Nb3Al with a mean-free-path of 2.85 nm changes from 12.88
to 12.24 states(eV x uc)~! when applying —1% [100] strain.
Nb and Nb-Ti do not have the characteristic Nb chains that
are present in the A15 lattices of Nb3;Sn and NbsAl and their
sensitivity to strain is lower.

As a further verification of our calculation results for
Nb;Sn, we make a comparison to experimental literature data
of H,(¢e) for seven different wires, as shown in figure 6. A
comparison to experimental results is shown for the calcu-
lated H,(¢) with strain in the [100] and the [110] directions,
as well as their average. It is found that this average is close to
the experimental values, suggesting that the average crystal
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Figure 6. Calculated sensitivity of the upper critical magnetic field to
strain applied in the [100] and [110] crystal directions and the
averaged [100] and [110] sensitivities (closed symbols), compared to
experimental results of the upper critical magnetic field as a function
of longitudinal applied strain on practical conductors manufactured
through various processes [31, 53-55] (open symbols), as well as
selected data on thin film and bulk samples from our present and
previous work [34, 36] (gray symbols).

orientation in wires along the wire axis is roughly halfway
between [100] and [110] with a slight tendency towards the
[100] direction.

Measurements of the crystal orientation in powder-in-
tube (PIT) and Restack Rod Processed (RRP®) wires indicate
that there is [110] texture along the wire axis in PIT wires
(a factor 10 above random), whereas there is a [100] texture
(a factor of 14 above random) along the wire axis in RRP®
wires [41]. For bronze-processed wires that are similar to the
wire depicted in figure 1, a slight [110] texture (a factor of 1.7
above random) has been reported [56]. These findings would
suggest a reduced strain sensitivity for PIT processed wires
compared to RRP® wires, with bronze-processed wires
somewhere in between, but in the limited H.,(¢) dataset
shown in figure 6 this is not visible. The reason for this
apparent discrepancy is, for now, unclear, and further dedi-
cated strain experiments that focus on the relative sensitivities
of different crystal orientations will be needed to support or
disprove our findings.

More extensive analyses on the strain sensitivity of thin
films and bulk materials will be published in the near future,
but for completeness we already introduce a selection of our
samples in figure 6. For the thin film results, we selected films
with 19.7, 22.8, and 25 at% Sn, which have u,H., values of
19.1, 27.9, and 30.4 T, respectively. We also selected stoi-
chiometric binary bulk, and stoichiometric binary bulk with 4
at% Ta or 1.5 at% Ti, with p,H, values of 27.0, 29.3, and
30.0 T, respectively.

Although the experimental strain range is limited, two
trends can be distinguished: the off-stoichiometric thin films
have a similar strain sensitivity to the wires, which is in-line

with their random [110]-[100] in-plane crystal orientation,
and the off-stoichiometric A15 compositions that also deter-
mine the critical properties in wires. For the stoichiometric
thin film and bulk samples a reduced strain sensitivity is
observed, which is in-line with our observations that when
approaching stoichiometry, the sensitivity to strain rapidly
reduces (see figure 2.24 in [36]). The reason for this reduced
sensitivity, however, should not be sought in crystal align-
ment, but in the presence of the spontaneous tetragonal dist-
ortion, which affects the way that externally applied strain
enters the lattice structure. An exact and detailed explanation
of how this results in a reduced sensitivity can, for now, only
be hypothesized, due to our inability to perform reliable
calculations when the spontaneous tetragonal distortion
occurs, as explained above. An accurate analysis is moreover
complicated by the sample inhomogeneities that inevitably
plague bulk materials, and to a lesser but still non-trivial
extend also thin films.

5. Conclusions

We have shown that NbsSn’s large susceptibility to strain
originates from significant sub-lattice distortions in the Nb
chains in the A15 lattice. These distortions cause various
bands to shift away from the Fermi energy, leading to a
substantial reduction of the electron DOS at the Fermi energy
level that is for more than 90% due to sub-lattice distortions.
The reduction of N(Eg) is the dominant cause (about 80%) of
the reduction of the superconducting properties that is
observed in experiments, whereas changes in the phonon
spectrum only account for about 20% of this reduction. The
amount of sub-lattice distortion, and hence the sensitivity to
strain, is significantly larger for strain in the [100] direction
than for strain in the [110] direction. These findings suggest
two methods to eventually reduce the strain sensitivity in
Nb;Sn wires: (1) by imposing a [110] crystal orientation
along the wire axis; and (2) by stabilizing the Nb chains in the
A1S5 lattice (for example through suitable dopants such as
aluminum). These conclusions highlight possible ways to
mitigate the reduction of the current carrying capacity by
strain, which should enable Nb3;Sn superconducting magnets
to reach higher magnetic fields, yield more compact magnet
windings, and simplify react-and-wind magnet construction.
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