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We studied the influence of the disorder introduced in polycrystalline MgB2 samples by neutron irradiation.
To circumvent self-shielding effects due to the strong interaction between thermal neutrons and 10B we
employed isotopically enriched 11B which contains 40 times less 10B than natural B. The comparison of
electrical and structural properties of different series of samples irradiated in different neutron sources, also
using Cd shields, allowed us to conclude that, despite the low 10B content, the main damage mechanisms are
caused by thermal neutrons, whereas fast neutrons play a minor role. Irradiation leads to an improvement in
both upper critical field and critical current density for an exposure level in the range 1–2�1018 cm−2. With
increasing fluence the superconducting properties are depressed. An in-depth analysis of the critical field and
current density behavior has been carried out to identify what scattering and pinning mechanisms come into
play. Finally, the correlation between some characteristic lengths and the transition widths is analyzed.
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I. INTRODUCTION

Since its discovery in 2001,1 magnesium diboride has
been one of the most widely studied superconductors. Al-
though as early as in 1959 theoretical works predicted the
multigap and multiband features2 and in 1980 two-band su-
perconductivity was clearly observed in doped SrTiO3 by
tunneling measurements,3 only magnesium diboride presents
a spectacular two gap behavior in a favorable range of tem-
peratures.

It was theoretically and experimentally demonstrated that
the introduction of disorder can heavily modify the basic
MgB2 properties. It was predicted that interband scattering,
induced by nonmagnetic impurities, produces pair breaking
and suppresses the critical temperature down to 20 K;4 intra-
band scattering, instead, affects resistivity and leads to a
change in the shape of upper critical field5,6 which can ex-
hibit a very different behavior as compared to BCS predic-
tions. Different approaches have been tried in order to in-
crease upper critical field and critical current density without
significantly changing the critical temperature with the main
purpose of improving the properties of this material for tech-
nical applications. The usual way to do this is the chemical
substitution on either magnesium or boron sites in order to
selectively affect the two intraband electron diffusivities. Al-
though MgB2 has a very simple crystalline structure, it is not
easy to dope; only a few experiments have been successful.
Some of them, carried out in single crystals,7 wires8 or thin
films,9 have shown that carbon doping in the boron site sig-
nificantly enhances Hc2 and at the same time it decreases the
anisotropy. Aluminium substitution on the magnesium site
either in bulk or single crystal samples gives a clear evidence
of a gradual suppression of the upper critical field.10,11 With

both the substitutions critical temperature is suppressed, due
to different possible causes; in fact it is necessary to take into
account the different variations of the density of states
�DOS� induced by different charge dopings. Moreover, dis-
order introduced by doping might enhance interband scatter-
ing, also as an effect of structural deformations, and does not
allow us to carefully identify the real reasons for the changes
in the superconducting properties. These problems can be
overcome either by co-doping, as attempted with a substitu-
tion of lithium and aluminium on Mg sites by Monni et al.12

that, nevertheless, did not obtain a complete charge balance,
or by particles irradiation.

With regard to particles irradiation, different kinds of ex-
periments using � particles, heavy ions, protons or neutrons
have been presented in the literature. The first two methods
have been used on MgB2 thin films. Damage by � particles
has been carried out by Gandikota et al.,13,14 who found a
gradual Tc suppression and resistivity increase. 200 MeV Ag
ions instead have been used by Shinde et al.,15 who observed
that the critical temperature remains nearly unchanged, while
there is a slight critical current improvement in a narrow
range of magnetic fields. Concerning protons irradiation,
both bulk and single crystals have been damaged.16,17 In or-
der to obtain a uniform defects distribution, it is necessary to
vary the protons energy that determines the penetration
depth. This method leads to an improvement of the Jc field
dependence as well as to a significant increase of the irre-
versibility field which is not accompanied by a significant Tc
suppression.

Neutron irradiation has been extensively studied and has
shown to be very effective in introducing defects in MgB2
which are able to improve the superconducting properties
and also in suppressing the critical temperature strongly.18–22
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In Refs. 18 and 19 the annealing of defects produced by
neutron irradiation has been investigated. Wilke19 has irradi-
ated MgB2 wires with fluences ranging between 4.75�1018

and 1.9�1019 cm−2, obtaining a critical temperature lower
than 5 K even in the least irradiated samples. Then, the su-
perconductive properties have been systematically studied as
a function of annealing temperature and time; using this pro-
cedure only slight Hc2 and Jc improvement with respect to
those of the pristine samples has been observed.

In general neutron irradiation suffers of the inhomogene-
ity problem due to the huge cross section of neutron capture
by 10B whose consequence is the short penetration depth of
thermal neutrons in MgB2. In Refs. 20 and 21 this problem
has been overcome by using a cadmium shield to absorb the
lowest energy neutrons. Another method to avoid inhomoge-
neous defects distribution in bulk and wires is the choice of
sample thickness smaller than the penetration depth.18,19

In this work we solve the inhomogeneity problem, inher-
ent in neutrons irradiation, by preparing samples with boron
isotopically enriched in 11B, so as to reduce the 10B capture
probability and to enlarge the penetration depth, following
the idea presented in Ref. 22. We present a wide investiga-
tion of superconducting properties for a large series of
samples, and we compare our results with those of irradiated
samples of literature prepared with natural boron.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The samples for this experiment were prepared by direct
synthesis of pure elements with a single step method,23 using
a similar technique as in earlier works.24,25 Boron and mag-
nesium �99.999% purity� were put in Ta crucibles welded in
argon and closed in a quartz tube under vacuum. Then they
were heated up to 950 °C to produce dense, clean, and hard
cylinder shaped samples. The only peculiarity of these
samples, compared to the usually prepared ones, comes from
the particular boron used. In fact we employed crystalline
isotopically enriched 11B from Eagle-Picher �99.95% purity�,
with a residual 10B concentration lower than 0.5%. The pris-
tine properties are optimal Tc �39.2 K�, sharp superconduct-
ing transition �0.2 K�, low residual resistivity ���40�
�2 �� cm� and high residual resistivity ratio �RRR
�11–15�. The quality of the MgB2 phase was initially stud-
ied by x-ray powder diffraction with a Guiner-Stoe camera;
no extra peaks due to free Mg or spurious phases were de-
tected. The samples were then cut in parallelepiped bars
��1�1�12 mm3� and irradiated in different ways.

A. Neutron irradiation

In order to shed light on the different role of fast and
thermal neutrons, three series of samples were irradiated at
two different facilities. The first series �L series� was irradi-
ated in a TRIGA MARK II type nuclear research reactor
�thermal and fast neutron flux density up to 1013 cm−2 s−1

and 1.2�1013 cm−2 s−1, respectively� at the Laboratory of
Applied Nuclear Energy �LENA� of the University of Pavia,
reaching a maximum thermal neutron fluence of 1018 cm−2.
The other two series were irradiated in a spallation neutron

source SINQ �thermal and fast neutron flux density up to
1.6�1013 cm−2 s−1 and 1010 cm−2 s−1, respectively� at the
Paul Scherrer Institut �PSI�, Villigen. In this latter facility, we
exposed MgB2 samples to neutrons, both with and without
Cd shields �P Cd and P series, respectively�, for increasing
irradiation times, to gradually modify the superconducting
properties. To obtain an exposition level of 1.4�1020 cm−2,
the most irradiated sample was exposed for nearly 4 months.
It is worth noticing that these two facilities have approxi-
mately the same flux density of thermal neutron, but they
differ by three orders of magnitude in the fast neutron flux
density.

Fast or thermal neutrons should induce different types of
defects as a consequence of their interaction reactions and
the corresponding cross sections, which are dependent on the
neutron energy. Fast neutrons have large enough energy to
undergo direct collisions with nuclei and displace them from
their lattice positions, thus producing point defects. How-
ever, the cross sections for such events are generally smaller
than the ones for thermal neutrons; this means that, in gen-
eral, thin samples are not strongly influenced by fast neu-
trons. Thermal neutrons instead have lower energy and the
only way they produce disorder is through the neutron cap-
ture reaction by 10B; this process causes the isotropic emis-
sion of an � particle and a 7Li nucleus, with energy of
1.47 MeV and 0.84 MeV, respectively. Along the range of
recoil �4.8 �m and 2.1 �m, respectively� these particles lose
energy by interacting with electrons and they create atom
displacements mainly at the end of the range. As this capture
reaction has a large cross section, if we used natural boron
�with 20% of 10B content�, the penetration depth would be as
small as 200 �m and there would be a shielding effect at the
surface. In thicker bars, this should give rise to a much dis-
ordered region next to the surface and therefore a gradient in
the defects density throughout the sample. We chose to em-
ploy isotopically enriched 11B to avoid this problem; in fact
with only 0.5% of 10B content, the penetration depth grows
up to �1 cm, becoming larger than our MgB2 bars thickness.

B. Structural characterization

The general properties of the so-obtained samples are
summarized in Table I, where critical temperature, resistive
transition width �10%–90% criterion�, normal state resistiv-
ity, ��=��300 K�−��40�, residual resistivity ratio RRR
=��300 K� /��40�, and crystallographic axes at different ther-
mal neutron fluence are reported. In Table I, we report also
the data for the cadmium shielded sample; these results will
be separately described in a following paragraph.

X-ray diffraction, performed in the standard Bragg-
Brentano geometry, allowed us to study the structural prop-
erties before and after irradiation. Figure 1 shows the mag-
nification of the �002� and �110� MgB2 reflections for some
irradiated samples of the PSI series. The peaks remain very
narrow up to the highest exposition level and the gradual
changes in both lattice parameters are evident. The double
peak structure is due to Cu K�1 and Cu K�2 present in the
x-ray beam. In order to carefully estimate a and c axes, we
performed a Rietveld refinement on the whole x-ray spectra
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for all the samples. In Fig. 2 we report the lattice parameters
as a function of the thermal neutron fluence of the sources.
The lattice parameters increase following the same trend in
both L and P series; the a axis expands by less than 0.4%,
whereas the c axis increases by more than 1% �volume
change of 1.7%�. A similar anisotropic expansion has been
observed also by Kar’kin et al.,18 who reported a and c
variations of 0.24% and 0.9%, respectively, with a volume
increase of 1.4% at 1019 cm−2 fluence level, comparable to
our value of 1.1% at the same irradiation. The behavior pre-
sented by Wilke et al.19 is quite different. At just 9.5
�1018 cm−2, they found an enhancement of volume by
2.6%, greater than the values we obtain in the most irradiated
samples. Moreover the authors showed a substantial change
in the structural properties of the samples upon irradiation
with a strong �002� peak broadening; this trend, observed on

the most irradiated samples, is attributed to a change in the
correlation length along the c axis. Instead, in the less irra-
diated wires the peak widths were similar to ours. The �002�
peak broadening probably appears at a damage level not yet
reached in our samples, as a consequence of our low content
of 10B.

C. Electrical characterization

Resistivity and magnetoresistivity were investigated by ac
electrical resistance measurements carried out in a 9 T Quan-
tum Design PPMS and then up to 28 T in a resistive magnet
at the Grenoble High Magnetic Field Laboratory with a mea-
suring current density of �1 A/cm2. The resistivity curves

TABLE I. Main properties for all the irradiated samples: thermal neutron fluence, critical temperature, and transition width �defined as
Tc=T50% and �Tc= �T90%−T10%��, resistivity at 40 K, ��40 K�, residual resistivity ratio RRR=��300 K� /��40 K�, lattice parameters a and
c.

Samples
Fluence
�cm−2� Tc �K� �Tc �K� ��40� ��� cm� �� ��� cm� RRR a �Å� c �Å�

L-0 0 39.1 0.2 0.7 9.5 15 3.084 3.522

L-1 1.0�1015 39.1 0.2 0.7 15

L-2 1.0�1016 39.1 0.2 0.7 15

L-3 1.0�1017 39.1 0.2 2.0 14 8.0 3.086 3.526

L-4 1.0�1018 37.0 0.2 7.7 12 2.5 3.086 3.527

P-0 0 39.1 0.2 1.6 16 11 3.084 3.519

P-1 1.0�1017 38.9 0.3 2.4 14 7.0 3.083 3.524

P-2 6.0�1017 37.7 0.2 6.5 13 3.0 3.085 3.529

P-3 7.6�1017 35.9 0.3 16 15 2.0 3.083 3.525

P-3.5 2.0�1018 33.3 0.3 26 14 1.6 3.088 3.537

P-3.7 5.5�1018 27.3 1.0 41 10 1.3 3.088 3.538

P-4 1.0�1019 23.8 0.9 64 13 1.2 3.088 3.549

P-5 3.9�1019 11.7 0.7 124 15 1.1 3.095 3.558

P-6 1.4�1020 9.1 0.3 130 12 1.1 3.093 3.558

P-Cd1 1.6�1018 39.0 0.2 2.1 15 8.3 3.084 3.521

P-Cd2 5.6�1018 38.9 0.2 1.9 11 6.7 3.086 3.526

FIG. 1. X-ray diffraction patterns on �002� and �110� reflections
for unirradiated �P0� and irradiated �P2, P3.5, P3.7, P6� samples.

FIG. 2. a and c axes as a function of thermal neutron fluence for
L-�black squares�, P-�grey triangles�, and P-Cd-series �grey stars�.
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are plotted in Fig. 3 for the P series; moreover in the inset the
susceptibility, measured by Quantum Design SQUID magne-
tometer in an applied field of 10 Gauss, is shown. The tran-
sition widths, measured both by resistivity and susceptibility,
remain rather sharp even in the most irradiated samples.
Only sample P-4, in the magnetic transition, shows a width
larger than 3 K. The overall transition width versus fluence
will be discussed in Sec. VI.

In Fig. 4 we plot the critical temperature Tc �Fig. 4�a��
�defined at 50% of the normal state resistivity� and the resis-
tivity � at 40 K �Fig. 4�b�� as a function of the thermal neu-
tron fluence. The critical temperature of the P and L series
decreases monotonically with the neutron fluence; it is sup-
pressed only by 2 K up to 1018 cm−2 and then reaches 9.1 K
at the highest exposition level. At the same time resistivity
grows by more than two orders of magnitude, from
�1 to 130 �� cm. The resistivity increase is likely due to
an enhancement in intraband scattering, induced by irradia-
tion, which causes a reduction in the electron mean free path.
With regard to ��, it remains approximately constant

��10–15 �� cm� over the whole range of irradiation �see
Table I�. In Ref. 26 Rowell suggested that in polycrystalline
samples �� should be nearly equal to 8–9 �� cm, while an
increasing �� in irradiated and substituted samples indicates
poor connectivity. In the pristine samples �LENA-0 and
PSI-0� we measure generally �� values slightly larger
�10–12 �� cm� than the predicted ones, probably due to the
not full density of the samples. Anyway, no systematic in-
crease of �� with irradiation is observed, indicating that the
produced damages do not significantly affect the connectiv-
ity of the samples.13

To highlight the direct relationship between � and Tc and
eliminate the fluence dependence, in the inset of Fig. 5 we
plot critical temperature as a function of resistivity �solid
symbols�. We observe a linear decrease of Tc versus �, as
already found in MgB2 thin films irradiated by � particles.13

Even if we rescale the resistivity data by assuming ��
=8 �� cm as suggested by Rowell,26 we obtain again a lin-
ear behavior �inset of Fig. 5, open symbols�. With this cor-
rection, we obtain the limit resistivity value, that is
110 �� cm, at which Tc=0; this resistivity is similar to
value obtained in Ref. 13. In the main panel of Fig. 5, we
compare our results on Tc versus � �black line� with other
similar data from literature about samples prepared with
natural boron; we considered irradiated and then annealed
thin films13,14 and wires,19 irradiated bulk,27 and C-doped
wires.28,29 Almost all these series of samples follow a
roughly linear Tc versus � behavior with a limit resistivity
value ranging between 70 and 120 �� cm. In particular, in
Gandikota’s thin films this behavior is followed both before
and after annealing procedure.14 The only exception is ob-
served in irradiated and successively annealed wires19 that
show very low resistivity values in spite of the large Tc sup-
pression. Interestingly, Tc versus � behavior of C-doped

FIG. 3. Resistivity curves as a function of temperature for the
P-series; in the inset, the magnetic superconducting transitions are
shown as measured in the SQUID.

FIG. 4. �a� Critical temperature Tc and �b� resistivity at 40 K,
��40 K� as a function of thermal neutron fluence.

FIG. 5. Critical temperature as a function of residual resistivity
from various papers: Ref. 13, ��, open pentagon�; Ref. 14, before
��,�� and after ��,�� annealing, respectively; Ref. 27, �K�; Ref.
28, ���; Ref. 19, ���; the line represents the data of the present
work. In the inset, critical temperature versus residual resistivity
�full symbols� and versus residual resistivity corrected by Rowell’s
criterion �open symbols� for all the samples. The line, that repre-
sents the best fit of the open symbols, is also reported in the main
panel.
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wires28,29 nearly overlaps data of irradiated samples. As
shown in Sec. IV these samples present nearly the same up-
per critical fields of irradiated ones.

It is worth noting that, differently by the Golubov and
Mazin predictions,4 no saturation is present at 20 K; this
means that pair breaking by interband scattering is not the
only mechanism that is able to suppress the critical tempera-
ture in the irradiated samples. On the other hand, the roughly
linear trend of Tc with � suggests that a strong correlation
exists between the mechanism increasing the resistivity
�scattering by atomic scale defects� and those which suppress
the critical temperature. This behavior is common to other
superconductors. In amorphous transition metals and dam-
aged A15 superconductors, for instance, a smearing of the
peak in the electron density of states at the Fermi level was
proposed as a mechanism for the Tc reduction;30 yet, this
mechanism cannot simply explain the MgB2 case, whose
density of states is rather flat around the Fermi level; other
mechanisms suppressing the electron-phonon coupling
should be invoked as well.

III. THERMAL OR FAST NEUTRONS

In the last years several experiments of neutron irradiation
have been carried out to understand the effectiveness of ther-
mal and fast neutrons. Nevertheless, up to now, the compre-
hension of the different effects coming into play is not clear,
yet.19–21

Now, we point out that both Figs. 2 and 4 are plotted as a
function of the thermal neutron fluence. Although the two
different neutron sources employed to irradiate the samples
differ by three order of magnitude in the fast neutrons flux,
both the L and P series follow the same behavior both as for
the crystal axes expansion and the change of critical tem-
perature and resistivity. This is evidence that the supercon-
ducting properties are effectively changed by thermal neu-
trons, whereas fast neutrons play a minor role.

To confirm this result we irradiated samples employing a
cadmium shield as proposed by Eisterer.20 As cadmium has a
huge cross section for neutrons whose energy is lower than
0.5 eV, this technique can be used to probe the fast neutrons
role alone. The properties of such samples have been mea-
sured and analyzed as L and P series. The behavior of these
samples is quite different from the ones irradiated without
shield. Already in the structural characterization �see Fig. 2�
we note that lattice parameters of P-Cd1 have no changes
compared to the pristine ones. P-Cd2 axes instead only
slightly increase. The critical temperature and the resistivity
values remain nearly unchanged. We can observe in Table I
and Fig. 4 that Tc is suppressed only by 0.2 K in the most
irradiated samples, whereas � assumes approximately the
same values of L-3 and P-1. These data indicate that this
series behaves as if it was irradiated with fluences which are
nearly 50 times smaller than those used for the L and P
series. This effect can be easily explained considering that
cadmium shields thermal neutrons and only fast neutrons can
reach the samples. We think that this finding confirms that
fast neutrons are not very effective in the defect production.
Only thermal neutrons and their nuclear reaction with re-

sidual 10B should be taken into account to explain the modi-
fication of superconducting properties.

IV. UPPER CRITICAL FIELD

Upper critical field is one of the more interesting proper-
ties and, in different experiment, the effect of the irradiation
was studied on samples prepared with natural boron both
with and without the cadmium shield.20,21 It was observed
that the presence of Cd shield leads to a critical temperature
close to the pristine value and an upper critical field only
slightly enhanced in the parallel direction. Moreover,
Eisterer21 reported an evident anisotropy reduction in single
crystals, induced mainly by an enhancement of Hc2 in the
perpendicular direction. In addition, that work reported also
the study on the samples irradiated without the cadmium
shield; Tc and consequently also Hc2 were strongly sup-
pressed, without substantially changing the Hc2�T� shape.
Wilke et al.,19 indeed, irradiated the samples up to 1.9
�1019 cm−2, which leads to a suppression of the critical tem-
perature down to 5 K. To restore the superconducting prop-
erties, they annealed the samples at different temperatures; in
the best case, when the critical temperature was almost com-
pletely restored, the upper critical field at 0 K grew from
�16 T in the undamaged sample, to about 19 T. Moreover,
the curve shape slightly changed, showing a more marked
upward curvature near Tc and assuming a more linear trend
at low temperature.

In this work, upper critical field has been evaluated for
each temperature as the 90% of the normal state in the resis-
tivity transition. It is worth noting that in polycrystalline
samples, with randomly oriented grains, the so estimated val-
ues coincide with the largest Hc2, that is the critical field
parallel to the ab plane. In Fig. 6 we report Hc2�T� curves;
for clarity only P series is shown. Hc2 curves of the Cd
shielded one have only a slight improvement compared to
the pristine sample, while L-4 behaves similarly to the P-2
curve. Moreover, in our data, the curves are gradually modi-
fied by neutron irradiation and they eventually assume a
completely different shape. Initially, at low temperature, a

FIG. 6. Upper critical field as a function of temperature esti-
mated at 90% of the resistive transition. The inset shows critical
field behavior versus fluence at Tc /2 for the P series.
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remarkable downward curvature is observed. Upon irradia-
tion, the slope increases and the behavior becomes almost
linear in the P3.5 sample. Here, Hc2�0� attains value larger
than 30 T, twice as much as that of the pristine sample. With
further irradiation, the curves show an upward curvature at
low temperature, particularly evident in P3.7 and P4
samples. Hc2�T� curves, in samples P5 and P6, are linear in
the measured range of temperatures; the extrapolated values
at 0 K turn out similar to ones shown in Refs. 14 and 19. In
the inset, the critical field at Tc /2 versus fluence for the P
samples series is plotted. In this graph the effect of irradia-
tion on Hc2 is emphasized. Hc2 grows up to a fluence level of
2�1018 cm−2 �sample P-3.5�, where the critical temperature
is suppressed by only few degrees; instead, in the most irra-
diated samples, Hc2 is suddenly reduced both as a conse-
quence of a strong Tc suppression and of the anisotropy re-
duction observed in Ref. 21.

As a substantial improvement of upper critical field upon
irradiation has been observed, like in carbon doped samples,
a comparison between our Hc2 data and those reported in
literature on other disordered samples, could be interesting.
In Fig. 7 we report the upper critical field at 0 K, obtained by
linear extrapolation, as a function of critical temperature for
different literature samples. We considered samples whose
critical temperatures and resistivities of the starting materials
were similar to ours; thin films irradiated with � particles,14

carbon substituted wires,28 neutron irradiated bulks,27 and
wires.19 All these disordered samples behave similarly; upper
critical field presents a maximum, larger then 35 T, when the
critical temperature is around 35 K. This behavior was al-
ready observed in earlier works27,22,14,28 and underlined in
Refs. 19 and 31. The behavior of samples annealed after
irradiation is quite different �full symbols�; in fact, both in
Gandikota’s thin films14 and in Wilke’s wires,19 the upper
critical field remains significantly lower. It appears that an-
nealing is more effective in removing the defects related to
the increase of Hc2.

In order to understand the Hc2 behavior, we applied the
theoretical model of Refs. 5 and 9, where the Usadel equa-
tions for a dirty two-gap anisotropic superconductor are de-
veloped. Starting from these equations, the behavior of the
upper critical field as a function of temperature is derived.
These articles emphasize as interband scattering should be
the principal cause for the critical temperature suppression,
whereas intraband scattering, and thereby diffusivities ratio
��=D	 /D
�, affects the shape of Hc2 vs T curves in different
temperature ranges. If ��1, the critical field shows a slight
upward curvature near Tc, while at 0 K it exceeds the pre-
dicted BCS value; conversely, if ��1, Hc2 remains nearly
linear in the high temperature region and presents a remark-
able upward curvature at low temperature. This model seems
to explain the upper critical field behavior,9,32–34 even if it
does not allow us to estimate the resistivity values correctly.
If we fix the electron-phonon coupling constants of the pure
MgB2, we can reproduce the shape of the less irradiated
samples, as long as Tc is not reduced by more than 6 K and
critical field is steadily increased by irradiation. In Table II
the fit parameters for P1, P2, P3, and P3.5 are summarized;
since in bulk samples it is possible to measure the critical
field in one direction only, we could solely determine the
effective 
-band diffusivity D
Eff= �D


abD

c �0.5 and the effec-

tive ratio �Eff=D	 /D
Eff �D	 is assumed isotropic�. Never-
theless we have an estimation of the anisotropy values from
the critical current analysis35 �as mentioned later on in Sec.
V, � ranges from 4.5 to 4, in the less irradiated samples, to 1,
in the most irradiated ones�, so we can determine both in-
plane and out-of-plane 
-band diffusivities. In all the fits, the
critical temperature values are smaller than the experimental
ones by 1 or 2 K; this problem does not worsen the fit qual-
ity as shown in Fig. 8, where calculated curves are plotted
together with data points for P-3 and P-3.5. It turns out that
�=D	 /D


ab is larger than unity and monotonically decreases
from 9.5 to 5.7 with increasing irradiation �see Table II�; in

FIG. 7. Upper critical field as a function of critical temperature
in irradiated or C-doped samples �open symbols� and in irradiated
and then annealed samples �full symbols�; the line is only a guide
for the eyes.

TABLE II. Fit parameters obtained by the Hc2 model for less irradiated samples of the P-series: �0Mis.,
resistivity measured at 40 K; �, ratio between diffusivities D	 and D


ab; D

ab, 
 band in-plane diffusivity; D	,

	-band diffusivity; �Calc., resistivity calculated by D	 and D

ab; Hc2�0�, upper critical field at 0 K estimated by

the model.

Sample �0Mis. �= �D	 /D
� D	�·10−4� D
�·10−4� �Calc. Hc2�0�

P-1 2.4 9.5 61 6.4 7 16.9

P-2 6.5 8.6 43 4.9 10 21.0

P-3 16 6.0 19 3.2 22 26.5

P-3.5 26 5.7 11 2.0 37 30.2
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the framework of this model, these � values indicate that the

 band is always dirtier than the 	 band. Moreover D


ab and
D	 are approximately reduced by a factor of 3 and 6, respec-
tively, from P1 to P3.5; this means that the 	 band gets dirty
faster than the 
 band. From D	 and D
 we can estimate the
residual resistivity; the obtained values, reported in Table II,
increase with irradiation as in the measured ones, but they
are slightly larger.

However the Hc2 model does not work in the most irradi-
ated samples, perhaps due to a change in the electron-phonon
coupling. Such hypothesis seems to be confirmed by the spe-
cific heat studies carried out on these samples;36 we have
noticed that Sommerfeld’s constant �S remains unchanged
��3 mJ/mol K2� in the less irradiated samples, and then de-
creases to 2.5 mJ/mol K2 in the most irradiated ones. As �S
linearly depends on the density of states renormalized by the
electron-phonon coupling, the decrease of �S can be attrib-
uted to a weakening of the coupling. This effect, besides
being an explanation for the Tc suppression, can be account-
able for the failure of the Hc2 model. As in the most irradi-
ated samples the coupling constants change, we should take
into account this modification to fit the Hc2 curves. As men-
tioned above, the P3.7 sample shows a marked upward cur-
vature in Hc2 in the whole range of temperatures and this
trend cannot be explained by this model. In a sample whose
critical temperature is so much suppressed indeed, also in the
case of ��1 the upward curvature should not appear, as a
consequence of a large interband scattering. Probably this
critical temperature is mainly determined by other mecha-
nisms, rather than by the interband scattering. Instead, in the
most irradiated samples, critical temperature is low and no
upper curvature is observed near Tc. In Ref. 19 a WHH
single gap behavior37 has been observed in the case of simi-
lar critical temperature. In our less irradiated samples, Hc2
measurements are limited to about Tc /2 but the presence of a
single gap is supported by specific heat results. In fact they

highlight a crossover between two and single gap behavior
when critical temperature passes from 21 to 11 K.36

The diffusivity parameters that we obtained in the frame-
work of this Hc2 model produce acceptable fits, at least on
the less disordered samples. Nevertheless some caution must
be taken into consideration about the diffusivity values. In
fact the calculated resistivities, even though they show the
same monotonic trend with respect to the measured ones ��
increases with disorder�, do not correspond exactly as for
their absolute values. In Ref. 38 the authors suggested that
this discrepancy could be induced by an additional extrinsic
contribution in the measured resistivity due to grain bound-
ary structure. However, this interpretation cannot be applied
in our case because the resistivities estimated by the fit pa-
rameters are larger than experimental ones. Moreover, de-
spite it seems reasonable that increasing irradiation the two
bands tend to become equally disordered ��→1�, because
the disorder should not be preferentially located in the boron
or magnesium planes, the fact that, in the less disordered
sample, 
 band turns out to be dirtier than the 	 band is a
controversial result. In the literature, in general, in clean sys-
tems the 
 band is believed to be cleaner than a 	 band,39

although there are also opposite results.34 We believe that the
above mentioned results need to be confirmed by similar
analysis done on critical fields of single crystal or clean ep-
itaxial films where the presence of the two orientations re-
duces the number of free fit parameters. Recently we dem-
onstrated that high field magnetoresistance40 is an alternative
method in determining the scattering times in the two bands.
Work is in progress to perform similar measurements �that
need high magnetic fields� on these samples and study the
critical fields of irradiated epitaxial thin films.

V. CRITICAL CURRENT DENSITY

In order to examine the effect of neutron irradiation, the
critical current density and its behavior in the magnetic field
have also been analyzed. The hysteresis loops have been
measured in a Quantum Design SQUID magnetometer up to
5 T and in a vibrating sample magnetometer �VSM� up to
12 T. The critical current densities were extracted applying
the critical state model. In Fig. 9, we report experimental
data of critical current density of all P samples, some of
which have been studied in a previous publication.35 Irradia-
tion, despite suppressing Tc, significantly improves the mag-
netic field dependence of the critical current density. In the
inset of Fig. 9, the trend of Jc versus neutrons fluence at 5 K
and 4 T is plotted. Again, like in the Hc2 behavior described
above, this is an indication that the optimized superconduct-
ing properties are obtained by irradiating with fluence near
2�1018 cm−2, close to the case of the P3.5 sample. This
sample has a critical current smaller than P3 up to 4 T; how-
ever at this point a crossover occurs and P3.5 shows a strong
improvement of its field dependence, reaching a value close
to 104 A/cm2 at 10 T.

It is evident that the rise of Jc with irradiation cannot be
ascribed to the increase of Hc2: at low irradiation levels
�1017 cm−2�, despite the fact that the upper critical field does
not change significantly, the field dependence of Jc is

FIG. 8. Upper critical field data �open symbols� and Hc2 fit
curves �solid lines� for P3 and P3.5 samples.
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strongly affected by irradiation. Indeed, by applying Eister-
er’s percolative model,41 we have demonstrated quantita-
tively that neutron irradiation induces a new pinning mecha-
nism by pointlike defects, which is responsible for the
significant improvement of the critical current behavior in
the magnetic field.35 We assumed that in the pristine sample
the dominant pinning mechanism is by grain boundaries and
that such contribution is unaffected by irradiation, so that it
should rescale with the condensation energy of the sample
Ec=�0Bc

2�T���0Bc
2�0��1− �T /Tc�2�2
Tc

2�1− �T /Tc�2�2. The
rescaled grain boundary pinning contribution lies well below
the experimental data for samples irradiated with fluence
lower than 1018 cm−2, that is, when the critical temperature is
not depressed by more than 10%. The total current can be
calculated as the sum of the rescaled grain boundary contri-
bution plus a point defect contribution, with two free param-
eters: the point defects pinning multiplicative coefficient Ap
and the anisotropy �. The fitting results show that the aniso-
tropy decreases with increasing fluence, with values around
4–4.5 for samples irradiated at fluences up to 1018 cm−2

�from P0 to P3.5�, and around 1 for samples irradiated at
larger fluences �from P4 to P6�, while the coefficient Ap in-
creases with fluence. In particular, Ap values scale with the
1/3 power of the fluence; this is a check of the validity of
this description, as Ap is indeed linearly related to the inverse
of the average distance between point defect pinning centers
induced by irradiation, which in turns is proportional to the
1/3 power of the fluence. Instead, as confirmed also by new
data on P3.5 and P3.7 samples, for fluences larger than
1018 cm−2 the rescaled grain boundary contribution is even
larger than the experimental data points, indicating a failure
of the scaling procedure. Work is in progress to understand
the reason for such failure; we propose that it may be as-
cribed to two effects that we have neglected: the first one is
the likely suppression in the density of states and the second
one is the trend towards a single gap behavior in the most
irradiated samples, as demonstrated in Ref. 36

By a close inspection of the shape of the curves in the
main panel of Fig. 9, it can be noted that while for P0, P1,
P2, the critical current density monotonically decreases with
magnetic field, in the cases of P3, P3.5, P3.7 it presents a

smooth plateau/upraise �well visible in linear scale�. At
larger fluences this feature progressively disappears. A simi-
lar, but more evident, upraise has been observed on irradiated
single crystals42 where the peak position is shifted to lower
magnetic fields with increasing disorder; this fishtail effect
has been attributed to an order-disorder transition of the flux
line lattice. Also pinning by variations of the superconduct-
ing order parameter, either due to areas with depressed Tc or
with depressed electron mean free path could result in a non-
monotonic behavior of the critical current density as a func-
tion of the magnetic field. Indeed, it may be that beside the
already cited pointlike defects pinning mechanism, also a
pinning mechanism by local variations of the superconduct-
ing order parameter could be induced by neutron irradiation.
Such other mechanism should be considered to fit the whole
shape of the curves; however the large number of free pa-
rameters makes unreliable any quantitative analysis, espe-
cially due to the fact that the original pinning contribution by
grain boundaries of the unirradiated sample does not scale as
expected with Tc for fluences larger than 1018 cm−2. The
single grain contribution to the critical current density jc

�sg� of
the three different pinning mechanisms, namely by grain
boundaries, by point defects and by variations of the super-
conducting order parameter, is shown in Fig. 10, as a func-
tion of the reduced field H /Hc2. It is evident that the pres-
ence of the latter mechanism could indeed account for the
nonmonotonic magnetic field dependence of the sample criti-
cal current density, which results from the percolation pro-
cess through randomly oriented grains.

VI. CHARACTERISTIC LENGTHS

Some characteristic lengths, namely the coherence length
and the electron mean free path, can be estimated in the
irradiated samples in order to shed light on the type of dis-
order introduced by irradiation.

We have noticed that, with the exception of the interme-
diate range of fluence, the transition widths of these samples

FIG. 9. In the main panel, critical current density at 5 K as a
function of magnetic field and as a function of fluence at 4 T, in the
inset.

FIG. 10. Single grain critical current density from three different
pinning mechanisms �grain boundaries, point defects, and variations
of the superconducting order parameter� as a function of the re-
duced field H /Hc2. The curves are normalized to the respective
maximum values.
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remain extraordinarily sharp despite the critical temperature
is reduced by more than four times compared to the pristine
value. This result is even more surprising as they have been
observed also in the specific heat measurements36 which are
sensitive to all kinds of inhomogeneity. Moreover, it is inter-
esting to note that P-3.7 and P-4 show a �Tc slightly larger
than other samples and this is even true when �Tc is esti-
mated by susceptibility and specific heat.36

The sharpness of transition is indicative that defects in-
duced by irradiation are homogeneously distributed on the
scale of the coherence length. The evaluation of the coher-
ence length � cannot be obtained straightforwardly from Hc2
because of the two band contributions. Anyway, we can es-
timate an effective value of � by the relation �

=� 2	�0

�0Hc2
�c �0��

1/2
, where �0 is quantum flux �2.07

�10−15 T m2� and �0Hc2
�c �0� is the upper critical field paral-

lel to the c axis at zero temperature. As already said, in
polycrystalline samples we measure the uppermost critical
field, i.e., �0Hc2

�ab�0�, and �0Hc2
�c �0� can be estimated as

�0Hc2
�ab�0� /� where � comes from the Jc analysis.35 The so

derived � values are shown in Fig. 11 as a function of flu-
ence. In spite of several approximations the result is clear,
reflecting the behavior of the upper critical fields. Starting
from the clean sample ���100 Å�, the coherence length de-
creases by increasing the disorder, as an effect of the sup-
pression of the mean free path. A further increase of disorder
suppresses Tc and therefore the condensation energy. This
causes an enhancement of �, which reaches again a value of
about 100 Å in the most irradiated sample.

The amplitude of the resistive transition, �Tc=T90%
−T10%, is plotted in the same graph �black circles�; �Tc and �
curves show a mirrorlike behavior. The transition width �Tc
reaches its maximum, about 1 K, in the P-3.7 sample and, in
the same sample, the coherence length has a minimum
��40 Å�. In the most irradiated samples the transition is
sharp again ��Tc�0.3 K�, being the coherence length raised
to 100 Å. The strong correlation existing between �Tc and �
indicates that when coherence length is much larger than the
typical scale of defect inhomogeneity, the disorder is aver-
aged out; on the contrary when the coherence length de-
creases �P-3.5, P-3.7, and P-4� the disorder is more effective

in broadening the transition. Consistently with this scenario,
the samples with smaller coherence lengths are the only ones
whose critical current exhibits a broad bump characteristic of
pinning by local inhomogeneity of the superconducting order
parameter �see Sec. V�. To verify that transition width behav-
iour is not influenced by the employed criterion, in Fig. 11
we also add data obtained by 4–98% of residual resistivity
�grey stars�; we note that the same trend is shown.

Another length that characterizes disordered samples is
the electronic mean free path, l. In a two band system two
different mean free paths, l
 and l	 should be considered. If
we are interested only to emphasize the behavior of l with
disorder, an effective value can be extracted. We suppose, for
simplicity, that the scattering rates in the two bands are the
same ��	��o=��; this assumption is quite reasonable in
artificial disordered samples. The scattering rate can be
evaluated by resistivity as �=�0���P


2 +�P	
2 �, where �P


=6.23 eV and �P	=3.40 eV are the mean values of the
plasma frequencies.43 By the mean in-plane value of the
Fermi velocity �vF
�vF	�5.1�105 m/s� we determine the
mean free path �lab	. �lab	 �full symbols� is plotted as a func-
tion of corrected residual resistivity in Fig. 12. The initial
value, 600 Å, indicates a very clean sample condition; then
�lab	 decreases down to few Å, the same order of magnitude
of the cell size.

Finally, it could be interesting to compare the mean free
path with the BCS coherence length ��0� in order to verify
the passage from the clean to the dirty limit in irradiated
samples. The two band nature of MgB2 does not allow an
unambiguous definition of the dirty limit, even if it was
proven that the increase of the upper critical field with re-
spect to its intrinsic value occurs when 
 bands become dirty
�l
��0
�.10 As discussed above, we are not able to estimate
l
, while �0
 can be calculated from the energy gap of 

bands, �
�0� determined in Ref. 36 by employing the for-

mula �0
=
�vF


	�
�0� . In Fig. 12 we report �0
 �open symbols�: it

ranges from 150 Å, in the pristine sample, to nearly 900 Å,
in the most exposed one. In the limit of the rough approxi-
mations done, we can observe that in the pristine sample �0


FIG. 11. Transition width �Tc �T90%−T10%, black circles, T98%

−T2%, grey stars� and coherence length � �open symbols� as a func-
tion of thermal neutron fluence. The lines are guides for the eyes.

FIG. 12. In-plane BCS coherence length �0 for the 
 band �open
symbols� and in-plane mean free path �solid symbols� as a function
of corrected residual resistivity.
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is close to the � estimated by the upper critical field. This
confirms that unirradiated samples are in the clean limit10 At
fluence larger than 1.0�1017 cm−2, Hc2 increases and conse-
quently � diminishes; this behavior implies the crossover
from the clean to the dirty limit. In the dirty limit the coher-
ence length � is related with the mean free path l and the
BCS coherence length �0 by the relation ����0l�1/2. Thus,
looking at Fig. 11, the nonmonotonic behavior of � can be
nicely explained by the decrease of l at a low level of disor-
der, followed by the sharp increase of �0
 at a high level of
disorder.

VII. CONCLUSION

We prepared three different series of high quality poly-
crystalline magnesium diboride by direct synthesis of pure
elements. To avoid self-shielding, in the sample preparation
we used boron with less than 0.5% 10B, thus increasing pen-
etration depth of neutrons up to 1 cm. The samples were
irradiated with neutrons at two different facilities that have
approximately the same thermal neutron flux density, but dif-
fering by three orders of magnitude in the fast neutron flux
density. A series of samples was irradiated with the Cd shield
to absorb thermal neutrons. The comparison of electrical and
structural properties of the three sample series allowed us to
conclude that the main damage mechanisms are caused by
thermal neutrons, whereas fast neutrons play a minor role.

The critical temperature was reduced down to 9 K with a
fluence of 1.4�1020 cm−2; at the same time the normal state
resistivity is increased by more than two orders of magnitude
and the cell volume is considerably increased �1.7%�. All the
samples, even the most irradiated ones, showed a good level
of homogeneity. This is proven by x-ray diffraction patterns,
whose peaks remain very narrow up to the highest exposition
level. Moreover, both in resistive and inductive measure-
ments, the transition widths remain sharp, showing a broad-
ening only in the intermediate range of fluence.

The upper critical field appears strongly influenced by ir-
radiation. At low fluences Hc2 increases exceeding 30 T at
2�1018 cm−2, while the critical temperature is only slightly
reduced. For higher fluences Hc2 is suddenly reduced both as

a consequence of a strong Tc suppression and the anisotropy
reduction. We compared these data with the current literature
ones and we observed a pronounced maximum in Hc2 both in
irradiated and C-doped samples at about 35 K of Tc.

We interpreted the Hc2 data in the framework of an exist-
ing model for two bands superconductors; despite the fit
quality is acceptable, the resistivity calculated from the ob-
tained scattering times does not match perfectly with the
measured one. The interband scattering might not be the only
mechanism able to suppress superconductivity. Another
likely mechanism is the weakening of electron-phonon cou-
pling, as supported by specific heat measurements.

The critical current density as well undergoes the effect of
neutron irradiation showing a nearly flat magnetic field de-
pendence in a region as wide as several Teslas. The largest Jc
improvement was obtained at the same exposition level,
where the largest increase of the upper critical field was ob-
served. We had clear evidence that, to take into account the
evolution of Jc with fluence, it is necessary to include the
contributions of more pinning mechanisms; pinning by
grains boundaries, by pointlike defects and by local varia-
tions of the superconducting order parameter. The relative
weight of these contributions changes as a function of flu-
ence.

Finally, a correlation between coherence length and the
transition width has been shown; we evaluated that in the
samples with the larger coherence lengths the transition ap-
pears extremely sharp because disorder is averaged out,
whereas in the samples with lower coherence lengths disor-
der is more effective in broadening the transition. Consis-
tently with this scenario, samples with smaller coherence
lengths are those whose critical current exhibits a broad
bump characteristic of pinning by local inhomogeneity of the
superconducting order parameter.
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