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Abstract

Superconductivity provides the enabling technology for producing high-field magnets in
applications including medical body scanners and particle accelerators. The upper critical field
(Bc2(0)) of the superconductor ultimately limits the field that the magnet can produce. The
reports about PbMogSg and NbsSn provide a new method for fabricating high-field
superconductors in which superconducting materials are made in nanocrystalline form and the
very fine microstructure and high density of defects present are controlled at the nanoscale to
significantly increase the electron scattering and hence B, (0). Here we show direct
measurements of Bc(0) for a series of nanocrystalline niobium materials with an
unprecedented maximum Bc;(0) for bulk Nb of ~3 T. We provide a theoretical description of
our results, using the well-established fundamental properties of Nb, that explains why the peak
in B¢y (0) occurs and can predict optimal B¢, (0) for other materials in this new class of

nanocrystalline high-field superconductors.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The use of high magnetic fields for basic physics experiments
and medical applications has energized the search for better
superconductors with higher current density and magnetic
field tolerance over the last 4 decades. For large magnet
systems, including the $10 billion superconducting ITER
fusion tokamak [1], good strain tolerance is also required.
It was shown that one can control the microstructure in
nanocrystalline materials to increase the bulk values of
the extrapolated upper critical field at zero temperature
(Bc2(0)) in PbMogSs [2, 3] from ~50 to ~100 T. In binary
nanocrystalline Nb3Sn [4], Bc2(0) has been increased from
~30to ~35 T. In this new class of high-field superconductors,
which have been fabricated using mechanical milling and
hot isostatic pressing, the microstructure and the increased
disorder change both the extrinsic properties (e.g. critical
current density (J¢)) and the intrinsic properties (e.g. Bc2(0)).
The increases in Bc,(0) are understood within the general
framework of Ginzburg—Landau—Abrikosov—Gor’kov theory,
where a reduced electron mean-free path in the nanocrystalline
materials leads to a decrease in the superconducting coherence
length and hence an increase in the upper critical field.
However to date, the ultimate limit to the increases in B> (0)
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and which superconducting materials are likely to produce
the best high-field nanocrystalline superconductors has been
unknown. In this paper, we present both the normal state
and superconducting properties of a series of nanocrystalline
niobium samples fabricated using niobium milling media.
A record value of Bc>(0) for bulk elemental Nb of ~3 T
is reported. Because Nb has been extensively studied in
the literature and the fundamental properties well-established,
and because the upper critical field of all the nanocrystalline
material in this work can be directly measured, our general
understanding of the interplay between microstructure at
the nanoscale and bulk superconductivity is comprehensively
investigated. A general theoretical description of the
superconducting properties of nanocrystalline superconductors
is presented which provides an explanation for the maximum
Bc2(0) of ~3 T in Nb, at the optimal nanostructure, reported
in this paper.

2. Experimental details

Niobium powder (99.98%) was mechanically milled for
different time periods up to 230 h using a Fritsch P6
planetary ball miller operating at a rotational velocity of

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. X-ray diffraction spectra and resistivity of conventional and nanocrystalline niobium. (a) X-ray diffraction spectra of unmilled,
milled, and milled-and-HIPed niobium. (b) Resistivity as a function of temperature for niobium milled for 69 h and hot isostatically pressed at
750 (#2), 600 (#3) and 450 °C (#4). (c) Photo of the milling vessel after 3 h milling.

Table 1. Properties of conventional (#1) and nanocrystalline niobium (#2-5). Tc: critical temperature. Bc,(0): upper critical field. y:
Sommerfeld constant. @;, @y,,: electron—-phonon moments. 6 (0): Debye temperature. p,: resistivity. /: electron mean-free path and A:

electron—phonon coupling parameter.

Sample #1 #2 #3 #4 #5
Milling time (h) 0 69 69 69 69
HIP temp. (°C) — 750 600 450 —
Grain size (nm) ~100 15 8 6 6

Tc (K) 9.14 8.27 7.58 7.11 5.53
(0Bc2/0T ), (T K™ 0.08 0.36 0.46 0.53 0.71
Bc2(0) (T) 0.57 2.28 2.76 3.00 3.17
y JK?2m™) 680 630 585 590 £25 525
6p(0) (K) 242 252 242 237 270
@1, Wieg (K) 161,131 167,136 166,134 165,132 175,145
p, meas. (calc.) (n€2 cm) (0.8) 50.9) 13 (14) 17 (17) (26)
[ (nm) 51 4.1 2.8 2.5 1.6
A 0.93 0.87 0.83 0.81 0.71

300 revolutions min~!. The milling was performed under

argon gas with a niobium milling pot and niobium balls (6 x
20 mm and 6 x 10 mm diameter), and with an initial ball-to-
powder weight ratio of ~14:1. Ball milling was performed
in 30 min cycles for the first 10 h of milling. After each
30 min cycle, the milling pot was opened under argon gas
and the niobium was recovered from the pot walls and the
surfaces of the balls. This recovery process was necessary in
the early stages in order to provide sufficient powder yield in
the later stages. The powder milled for 69 h was subsequently
hot isostatically pressed (HIPed) at a pressure of 2000 bar
and at temperatures of 450, 600 and 750°C for up to 5 h.
AC susceptibility and x-ray diffraction (XRD) measurements
were performed on all samples, while additional specific heat
measurements were performed on the five samples presented
here and labelled #1-5: the as-supplied unmilled powder (#1),

the samples milled for 69 h and HIPed at 750 (#2), 600 (#3)
and 450°C (#4), and the powder milled for 69 h (#5). The
increasing label numbers indicate increasing levels of disorder
at the nanoscale (see table 1). Resistivity measurements
were also performed on the bulk HIPed samples. The XRD
measurements were carried out using a Bruker D8 powder
diffractometer, and the other measurements using a Quantum
Design PPMS system.

Figure 1(a) shows XRD spectra for unmilled (as-
supplied), milled, and milled-and-HIPed niobium. The
peaks broaden with increasing milling time. Approximate
grain sizes were calculated via Rietveld refinement (using
the TOPAS software package) and ignoring any broadening
due to micro-strain. The niobium milled for 69 h has an
average grain size of 6 nm and was chosen for HIPing since
further decreases in grain size were not observed after longer
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milling times up to 230 h [6]. Previous limited bright-field
TEM on milled PbMogSg samples confirmed that XRD gives
a reasonable indication of the grain size [5] but detailed
microscopy is required to characterize the different types of
disorder and measure the distribution and size of the grains
accurately. Approximate grain sizes for samples #1-5 are
shown in table 1. The peaks in the XRD spectra narrow
with increasing HIP temperature, indicating increasing grain
growth. Figure 1(b) shows the temperature dependence of the
normal-state resistivity for the milled and HIPed samples. The
low-temperature normal-state resistivity (p(10 K)) decreases
with increasing HIP temperature consistent with increasing
grain size and increasing structural order. Also shown, in
figure 1(c), is a photograph of the milling pot after milling
for 3 h. Note that the niobium powder forms approximately
spherical agglomerates with a typical diameter of 0.25 mm.
The superconducting properties were measured using
specific heat capacity (cp) and AC magnetic susceptibility (x”).
Figure 2 shows the experimental data for the sample milled for
69 h and HIPed at 450 °C. The inset to figure 2(a) shows the
specific heat data for the unmilled material, and demonstrates
the considerable differences in the field tolerance between the
conventional and nanocrystalline materials. The characteristic
temperature for the superconducting transition is obtained from
the heat capacity data by constructing an idealized, infinitely
sharp transition that conserves entropy. The magnitude of the
heat capacity jump for the nanocrystalline material and the
conventional material are similar, demonstrating that the upper
critical field values in this work (Bé”z(T)) are characteristic of

bulk material. For the AC susceptibility data, Bé;(T) is defined
where the real part of the susceptibility equals —0.1, which
gives good agreement with the specific heat results (see the
inset to figure 3(a)).

The Bcy(T) results for the powders milled for different
time periods are shown in figure 3(a). Figure 3(b)
shows the Bcy(T) results for samples #1-5. In order to
extrapolate to 7 = 0, the data are fitted by the function
Bea(t) oc (1 — t2)(1.6 — 0.6t) with t = T/Tc, where
the first term approximates the temperature dependence of
the thermodynamic critical field [7] and the second term
approximates the temperature dependence of the Ginzburg—
Landau parameter [8]. The inset to figure 3(b) shows that this
function is valid for all of the samples #1-5.

When producing high quality nanocrystalline materials,
the issues of contamination and oxidization are critical because
of the large surface area to volume ratio. Standard chemical
safety sheets warn that even 5 micron Nb powder can
autoignite at room temperature [9]. We have taken particular
care to retain pure elemental niobium in this work by using
niobium milling media and completing all processing under
high purity argon (to avoid contamination and oxidization
respectively). The values of 7¢ and Bcy(0) for samples
#1-5 are summarized in table 1. Work in the literature
on the effects of interstitial oxygen on the superconductivity
of niobium shows that if the reduction in 7¢ of sample #2
compared to the as-supplied material were entirely due to
oxygen, the contamination would be less than 0.5 at.% oxygen
and the contribution to Bc>(0) would be about 1 T [10].
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Figure 2. Specific heat and magnetic susceptibility data for
nanocrystalline niobium (sample #4). (a) Specific heat data
(symbols) as a function of temperature at 0.25 T magnetic field
increments. The dotted lines show an example of the constructed
idealized transition. The inset shows equivalent heat capacity data for
the as-supplied material (#1). (b) Real part of the AC susceptibility
as a function of temperature at 0.25 T magnetic field increments.

The recovery of 7¢ towards the original value with increased
HIPing temperature shown by samples #4 to #2 in table 1
suggests that HIPing at higher temperature would lead 7¢ to
further recover towards the original as-supplied T¢ value. We
conclude that the levels of contamination in the Nb samples
reported here are very low indeed and are not responsible for
the properties reported.

3. Analysis

Table 1 shows the Sommerfeld constant y, the Debye
temperature 6p(7 = 0) and the moments @; and @, of
the electron—phonon spectrum function o? F (w) [11]. These
parameters were calculated by fitting the normal-state specific
heat data, obtained from high-field measurements above
Bey [11, 12].  The moments are calculated by assuming
that the electron—phonon coupling characteristic o> o @~
(w is the frequency), which gives good agreement with the
results of tunnelling measurements [11, 13]. It can be seen
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Figure 3. The upper critical field as a function of temperature for conventional and nanocrystalline niobium. (a) AC susceptibility results for
powders milled for different time periods. Inset: comparison of AC susceptibility and specific heat results for the 69 h milled powder.
(b) Specific heat results for bulk samples #1-5. Inset: reduced upper critical field (b* = By /[Tc(dBc2/dT) 1. ]) versus reduced temperature

(t) for samples #1-5.

from the experimental data in figure 3 and table 1 that there
is a monotonic decrease in the critical temperature and the
Sommerfeld constant and a monotonic increase in the gradient
[(dBc»/dT)7.] as the disorder at the nanoscale increases.

The upper critical field at zero temperature can be related
to various microscopic properties of the material via the
following GLAG theory expression [7, 14]:

Bca(0) = 0973120 1ic™ (0, he) R (hae) ™!
x [7.30 x 10°7 (y Tc/S)* +2.78 x 10°y Tcp, | (1)

where n ~ 1 is a strong-coupling correction [7], x*(0, Ay)
is the ratio of the Ginzburg-Landau parameter at zero
temperature to that at the critical temperature, which was
shown above to be approximately equal to 1.6 for all of the
samples, R(Ay) =& 1 is part of the Gor’kov function [14],
Ao = 3.81 x 10_3252pn/(y T¢) is the impurity parameter [14],
and § is the Fermi surface area. @ The anisotropy of
the Fermi surface [8], additional strong-coupling theory
modifications [15], and Pauli paramagnetic limiting [16] all
have relatively small effects on the results of equation (1) [7].

The critical temperature of disordered superconductors
can be expressed as [17-20]:

kBTczhi 1.04 (14 2) )’ @)

! exp | —
1.20 A—p*[14+0.621]

where X is the electron—phonon coupling parameter and ©*
is the Coulomb pseudopotential [20]. The electron—phonon
coupling parameter can be approximated by A o< N (Efr) where
N (EF) is the unrenormalized electronic density of states at the
Fermi surface [17]. N(EF) can be related to the experimental
values of the Sommerfeld constant derived from heat capacity
data via y = 22k N (Ep)(1 + 1).

In order to describe the decrease in y with increasing
resistivity, we use a simplified version of the lifetime
broadening model. The peak in the density of states at the
Fermi energy is modelled by a Lorentzian of half-width Ey,
where the broadening function is a Lorentzian with half-width
h/tand T = 1.65 x 10"y /(5% p,) is the mean scattering time.
This leads to [21, 22]:

~1
N(Ep) = No(Ep) ((4/71) (h/tEo) tan2 (h/tEp) 1> .
(h/TEo)’ — 1
(3)
Figure 4 shows the variation of B¢y (0) with T¢ calculated
for increasing resistivity in Nb and NbszSn. The calculation
was carried out using the free parameters shown in table 2 and
assuming constant phonon frequencies. For superconductors
with strong-coupling constants, increased scattering decreases
Tc [20] and y whereas Bc,(0) and p increase. Eventually
Bc(0) reaches its peak value as decreases in T¢ and y
compensate for increases in p. The maximum value of
Bcx(0) =~ 3 T for nanocrystalline niobium is similar to
the calculated limit (~3.5 T) for the upper critical field in
niobium. We note that isolated nanocrystalline grains of Nb
embedded in an amorphous Nb—O matrix have been reported
in thin films with Bc2(0) of ~6.6 T, which is consistent with
a surface barrier in these grains of 1.69 times the optimized
bulk value we have found of ~3.5 T, and a size-induced Kubo
gap [23, 24]. Also shown in figure 4 is a comparison with
experimental data from Orlando for Nb3Sn [14, 25]. Again
theory predicts a peak in Bc2(0) of ~35 T consistent with
optimized nanocrystalline and doped results [4, 14, 25].
Detailed considerations of microscopic theory suggest that
disorder not only affects T¢ through the density of states but
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Figure 4. Theoretical upper critical field of nanocrystalline niobium
and niobium—tin. Upper critical field as a function of critical
temperature for niobium and niobium-tin with different levels of
disorder. The lines show the theoretical values obtained by
increasing the resistivity. The symbols show the experimental data
(data for the niobium samples are labelled #1-5). The data for Nb;Sn
were taken from Orlando [14, 25].

Table 2. Free parameters used to calculate the resistivity
dependence of the upper critical field and the critical temperature.
«*: the ratio of the Ginzburg—Landau parameter at zero temperature
to that at the critical temperature. y: Sommerfeld constant. S: Fermi
surface area. @, @jog: electron—phonon moments. A:
electron—phonon coupling parameter. ;*: Coulomb pseudopotential
and Ey: half-width in the peak of the density of states.

Parameter Nb NbsSn

K* 1.6 1.20-1.26

y JK2m™3) 680 1176

S (10" m™2) 3.74 1.5

@1, Djog (K) 162,150 152,125
0.93 1.8

w* 0.116 0.14

Ey (meV) 250 60

also through the electron—phonon, Coulomb and self-energy
interactions [20]. The strength of these additional effects is
not yet well-known. If we simply add these effects with a
strength proposed for simple metals and A15 compounds [20]
to the effects of lifetime broadening, the peak value of
Bc>(0) reduces by an additional ~0.5 and ~5 T for Nb and
Nb3Sn respectively [20]. The results in figure 4 confirm that
the additional reduction in the maximum Bc;(0) from these
additional microscopic effects cannot be large.

4. Discussion and concluding comments

The local electronic properties of these nanocrystalline
materials within the grains and across the grain boundaries is
an important area for future investigation. The values of B¢, (0)
measured imply an electron mean-free path of ~1 nm in the Nb
nanocrystalline materials with a grain size ~10 nm. Hence,
as with nanocrystalline PbMo¢Ss, the grain boundaries alone
are not sufficiently dense to explain the high Bc,(0) values

obtained [2]. Rather, the interior of the grains themselves must
be highly disordered. In this context, the milling decreases
the grain size and increases the scattering within the grains,
and the HIP treatment reverses these processes in a controlled
way that allows us to identify the disorder/microstructure
that optimizes Bc2(0). Nanocrystalline materials which
exhibit technologically-important properties such as increased
mechanical strength [26], increased chemical reactivity and
improved magnetic properties [27], can have added to this list
improved upper critical field.

Powder-in-tube technology is well-established for fabri-
cating long wires and tapes for industrial applications in both
LTS and HTS materials [28]. In the traditional optimization
process, the intrinsic properties (e.g. Bc2(0) and T¢) are kept
as high as possible while pinning sites (e.g. grain boundaries)
are introduced to increase extrinsic properties (e.g. Jc). In
this new paradigm for making high-field superconductors and
magnets, highly disordered or amorphous powder (for example
produced using milling) can be inserted into tubes and drawn
to produce conductors that can then be wound into coils. The
coils can then be HIPed (i.e. heat treated under pressure) us-
ing conditions chosen to optimize Jc at the operating field and
temperature of the magnet by controlling pinning, Bc2(0) and
Tc. Although one can expect the disordered materials to have
degraded T¢, there can be a very marked increase in the up-
per critical field at the operating temperature of the magnet
(typically ~2-5 K for low-temperature superconductors). In
these new high-field magnets, the distinction between intrin-
sic and extrinsic superconducting properties becomes blurred
as microstructure and intragranular scattering on the nanoscale
control both.
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