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The fluctuation-related diamagnetism above the superconducting transition temperature 7. in neutron irra-
diated and in Al-doped MgB, is studied by means of high-resolution isothermal measurements of the diamag-
netic contribution to the magnetization, M g;,=M 4i,(H,T=const). In both the neutron irradiated and the Al-
doped compounds, 7, decreases on increasing the fluence and the Al amount, respectively. The magnetic field
dependence of Mg;, is apparently similar in both types of compounds: in the limit H—0, —My;, goes as H"
(with n in between % and 1), while by increasing the field above a given value H,p, an upturn in the field
dependence occurs and |M;,| decreases. From the temperature behaviors of H,p, it is proved that the origin of
the precursor diamagnetism is quite different in neutron irradiated and in Al-doped MgB,. In the latter, the
magnetization curves reflect the precursor diamagnetism typical of heterogeneous systems and unrelated to
superconducting fluctuations, due to site dependence of the transition temperature. At variance, neutron irra-
diated MgB, displays different properties. The fluence-dependent transition temperature is practically site
independent, the superconducting fluctuations and the related diamagnetism basically retaining the features of
the pure (unirradiated) MgB,. Upon irradiation, the anisotropy parameter involved in the fluctuation spectrum
decreases. Correspondingly, also the upturn field H,, decreases, consistent with a less anisotropic coherence
length in strongly irradiated compounds. The implications of these experimental findings on the disorders

induced by heterovalent substitutions and by neutron irradiation in MgB, are discussed.
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I. INTRODUCTION

The superconducting properties of MgB, are presently of
strong interest, both in view of the perspective technological
applications and with regards to the mechanism underlying
the occurrence of the superconductivity. On the other hand,
these properties of MgB, are known to be heavily modified
when some kind of disorder is introduced. The effects of
heterovalent (Al for Mg) substitutions and of neutron irradia-
tion on the transition temperature, the critical current, and the
critical fields, on the two superconducting bands and the
crossover from clean to dirty regimes, have been subjects of
extensive studies (see Refs. 1—6, and references therein). The
character of the disorder, related to grain boundaries, to
pointlike pinning centers, and/or Al ions, is worthy of par-
ticular attention. From specific heat measurements and from
the sharpness of the transition in neutron irradiated (nir)
compounds, a homogeneous defect structure has been
claimed with little, if any, change in the band structure.” In
Raman spectra,’ disorder-induced violations of the selection
rules have been discussed in relation to disorder of similar
nature both in nir and in Al-doped (ald) MgB, compounds.

In recent years, the fluctuating diamagnetism (FD) in su-
perconductors and, in particular, the isothermal magnetiza-
tion curves slightly above the transition have been proved to
be useful tools in order to get insights on the disorder effects
in terms of the site dependence of T, and/or of the occur-
rence of phase-fluctuating, nonpercolating superconducting
mesoscopic regions. On approaching the transition tempera-
ture from above, the superconducting fluctuations (SFs) im-
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ply the existence of metastable Cooper pairs, leading to a
diamagnetic contribution to the magnetization (see Refs. 10
and 11). It has to be remarked that recent experimental find-
ings in high-T, cuprate superconductors and in MgB, also
increased the interest toward SF, since small coherence
length, reduced carrier density, high transition temperature,
and anisotropy cause strong enhancement of the
fluctuations.'>!> On the other hand, it was also suggested
that the SF can reflect the electronic properties of the super-
conducting state. As additional remarkable feature, in under-
doped and overdoped Y;Ba,Cu30;.,, dramatic deviations
from the conventional Ginzburg-Landau (GL) behavior are
observed, leading to an anomalous diamagnetism justified on
the basis of the existence of superconducting regions at non-
zero order parameter strongly fluctuating in the phase.!*!

In pure, undoped and unirradiated MgB,, the following
features on FD have been evidenced:'?

(i) For T=T} and in the limit of magnetic field H— 0, the
diamagnetic contribution to the magnetization goes as
~M g, < H'?.

(ii) In the magnetization curves M g,=M 4i,(H,T=const),
at a temperature-dependent magnetic field H,,, the magneti-
zation |M;,| begins to decrease on increasing field, due to
field-induced quenching of the fluctuating pairs.

(iii) H,, increases with increasing the measuring tempera-
ture (above T,).

(iv) The scaled magnetization at T,, for H— 0, namely,
m,=|My,|/H"?T,, that according to general Ginzburg-
Landau theories for Gaussian fluctuations'®!! and scaling ar-
guments for isotropic three-dimensional (3D) superconduct-
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ors should take the universal value 0.324kg/ P> is
enhanced because of the anisotropy in the coherence length.

(v) Two-band evidence in the superconducting fluctuating
diamagnetism was detected for temperature slightly above
TC'13

On the other hand, an enhancement of the diamagnetism
above T, has to be expected in heterogeneous superconduct-
ors. In fact, as a consequence of the disorder, nonpercolating
regions become superconducting at a local temperature
7°(r) above the bulk 7°"*, In this case, the magnetization
curves for 7> TS““‘ might mimic the ones expected below T,
for a given volume fraction of the compound. Theoretical
descriptions of this anomalous diamagnetism have been
given.!®!7 An experimental example, for instance, has been
found in YNi,B,C.'® A way to discriminate between precur-
sor diamagnetism associated with diffuse transitions and
fluctuation related diamagnetism (possibly enhanced by
phase fluctuations of nonzero order parameter as in under-
doped superconducting cuprates) is to look at the tempera-
ture behavior of H,, in the isothermal magnetization
curves.!%20

In this paper, we report the results of a study of the fluc-
tuating diamagnetism in neutron irradiated and in Al-doped
MgB,. From the comparison of the experimental findings, it
will turn out that the disorder in neutron irradiated MgB,
does not cause diffuse transition. Although the transition
temperature decreases on increasing the neutron fluence, a
kind of “homogeneous defect structure” or disorder occurs:
the transition remains sharp, the FD is fluctuations related,
and H, increases with increasing temperature. Furthermore,
the anisotropy parameter decreases with respect to the unir-
radiated MgB,. At variance, the Al for Mg substitution in-
duces a diffuse transition, with an anomalous enhancement
of the precursor diamagnetism of quite a different nature.

II. EXPERIMENTAL RESULTS

The samples used in the present work have been prepared
and characterized according to the procedures explained
elsewhere.>® For Mg,_B,Al,, the doping amount varied
from x=0.1 to x=0.3. The two nir samples we are going to
deal with in this paper belong to the P batch:® P-3, exposed
to thermal neutron fluence of 7.6 X 10! cm™ and P-3.7 ex-
posed to the fluence of 5.5X 10'® cm™2. The main properties
of the compounds are reported in Refs. 2 and 8.

The diamagnetic magnetization above 7, has been mea-
sured by means of the Quantum Design MPMS-XL7 super-
conducting quantum interference device (SQUID) magneto-
meter, separating the paramagnetic Pauli-like contribution
from the diamagnetic one, according to the experimental pro-
cedure detailed in Refs. 12 and 13.

The volume susceptibilities measured in a magnetic field
of a few QOersted in pure MgB,, in the two samples of irra-
diated MgB,, and in a typical (x=0.25) Al-doped compound
are reported in Fig. 1.

In Fig. 2, isothermal magnetization data at typical tem-
peratures around the transition temperature in the P-3 sample
are shown. In the plots, the scaled magnetization m, =
—~M 4,/ H'T, is reported as a function of the magnetic field.
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FIG. 1. Temperature dependences of the volume diamagnetic
magnetization (measured in the limit of magnetic field H—0) in the
two samples of neutron irradiated MgB, and in Mg, 75B,Al( 5. For
comparison, the data in pure MgB, (Ref. 12) are also reported.

It is reminded that in the absence of any field-induced
quenching of the fluctuating pairs for T=T,, one should
have field-independent m, (Prange law; see Refs. 10 and 11),
while for 7> T,, the magnetization is linear in the field. In
the inset of Fig. 2, typical magnetization curves are shown. It
is noted that for H= H,,,, the magnetization |M;,| decreases
on increasing the field.
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FIG. 2. Field dependence of the scaled magnetization in MgB,
neutron irradiated P-3 sample, at typical temperatures around 7.
For H<350-60 Oe and T=T,, the Prange law (see Refs. 10 and 11)
is verified, while for 7> T, the tendency toward —M g, linear in the
field is noticed. The solid line tracks the field dependence that
would occur if no field-induced quenching of the fluctuating pairs
should occur. In the inset, some representative magnetization curves
are shown, with the arrows indicating the upturn fields.
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FIG. 3. Scaled magnetization around 7', in the P-3.7 sample. In
the inset, two representative magnetization curves are shown (solid
line according to the Prange law, see caption to Fig. 2).

In Fig. 3, the results for the scaled magnetization m, ob-
tained in the P-3.7 compound are reported. The noticeable
increase in the experimental error with respect to the P-3
sample is due to the decrease of the anisotropy (see the sub-
sequent discussion) and of the transition temperature, both
factors implying the decrease of the absolute value of the
magnetic moment. Furthermore, it was noticed that the large
neutron fluence for the P-3.7 sample induced an increase of
the paramagnetic background, thus causing a larger error in
the subtraction procedure. The paramagnetic contribution for
strong neutron fluence suggests that paramagnetic centers are
produced by radiation damage. The lowering of 7. is possi-
bly due to pair-breaking mechanism. Electron paramagnetic
resonance measurements are urged at the aim of obtaining
insights on the nature of those centers, information that can-
not be derived from bulk magnetic measurements as from the
SQUID magnetization.

Figure 4 shows the comparison of the scaled magnetiza-
tion m, between pure MgB, and the nir samples. As already
mentioned, for Gaussian fluctuations and according to scal-
ing arguments,'""'? the scaled magnetization at T, has to be
written

m, =— M/ VHT, = — 0.324[ ki, y. (1)

This equation follows from differentiation with respect to the
field of the free energy for an anisotropic superconductor
(Ref. 12 and references therein) for randomly oriented pow-
der. y in Eq. (1) is the anisotropy parameter vy
=&,,(0)/&.(0), &, and &, being the in-plane and the out-of-
plane components of the zero-temperature coherence length.
In anisotropic superconductors, the factor y enhances the
universal value'® m,=-0.324ky/®;. In pure MgB,, the an-
isotropy parameter y is y~7 and the upturn field H,, for
temperature close to 7., is around 80 Oe.!? From Fig. 4, it
appears that in the irradiated samples, the upturn field de-
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FIG. 4. Comparison of the scaled magnetization at 7', in the two
nir samples with the corresponding data in pure MgB,. The dotted
lines are guides for the eye according to a field-independent scaled
magnetization.

creases (see also the inset in Fig. 3). Furthermore the aniso-
tropy factor has to be decreased by a factor of about 2 for the
P-3 sample. Even more marked is the reduction of the aniso-
tropy in the P-3.7 sample. The comparison with the data in
pure MgB, would lead to the conclusion that the P-3.7
sample is almost an isotropic 3D superconductor (see subse-
quent discussion).

In Fig. 5, representative results (raw magnetization data)
obtained in Al-doped MgB, are reported for the sample with
T.=25.4 K. At a first glance, the magnetization curves could
be considered similar to the ones measured in nir samples. A
strong enhancement of the FD with respect to the pure com-
pound is noticeable, the volume susceptibility reaching a
value around 1073 for T close to T,. For 7> T,, no anoma-
lous diamagnetic contribution is present, and the paramag-
netic magnetization follows the Pauli-like field and it is prac-
tically temperature independent. On approaching the bulk 7,
M 4, is linear in the field and the upturn field is well above
200 Oe. It should be remarked that the difference between
field-cooled and zero-field-cooled data (difference not
present in nir samples) in itself is a first indication that the
diamagnetic contribution comes from a region of the sample
that is below the local irreversibility temperature (see the
subsequent discussion).

III. DISCUSSION AND CONCLUSIONS

We first briefly discuss the experimental findings in the
Al-doped compound. The Al for Mg substitution acts on the
superconducting properties mostly as an electron doping.
Other effects are the change of the phonon spectrum (related
to the different atomic size) and disorder-induced modifica-
tion of the coupling between the bands.*'2 The transition
temperature upon substitution decreases almost linearly
down to about 7,=25.4 K for Al amount x=0.25 and then
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drops to about 15 K for x=0.3 (see inset in Fig. 5). Corre-
spondingly, the transition loses the sharpness characteristic
of the pure MgB,. The diamagnetic susceptibility at 7,, in
the low field limit, increases from yg,~8 X 10> emu/cm?
in pure MgB, to about x4, ~ 10> emu/cm? in the sample at
Al amount of 0.25, while M ;, is practically linear in the field
up to almost 100 Oe. The magnetization curves above the
transition to the bulk superconducting state show an upturn
field that decreases with increasing temperature. As already
mentioned, irreversibility effects are detected. All these fea-
tures are the signature of the anomalous diamagnetism ex-
pected in heterogeneous, disordered systems underlying a
diffuse transition. In other words, the diamagnetism is not
related to superconducting fluctuations and the magnetiza-
tion curves mimic the ones expected below the transition to
the superconducting state in any type-II superconductors,
with a certain smoothing of the upturn field, likely due to the
distribution of the local critical fields H,,. Evidently, on ap-
proaching the bulk 7, from above, nonpercolating mesos-
copic superconducting regions are characterized by a non-
zero order parameter, thus causing a dramatic increase in the

diamagnetism. Besides the early theoretical descriptions,'®!”

the problem of this anomalous diamagnetism has been re-
cently considered by Cabo et al.?* in the light of the detec-
tion of nonconventional Ginzburg-Landau fluctuating dia-
magnetism in underdoped cuprates. '

The shape of the magnetization curves for 7= Tf_”]k results
from a Gaussian distribution of transition temperatures, with
H,, playing a role similar to that of the upturn field.?!??
Further work is in progress with regard to this aspect.??

A quite different situation is induced upon neutron irra-
diation. The transition remains sharp (see Fig. 1) and the
isothermal magnetization curves above T, (Figs. 2 and 3)
basically show the field and temperature behaviors evidenced
in the unirradiated compound, in spite of the marked de-
crease of the transition temperatures. Furthermore, the values
of the scaled magnetization at 7, [see Eq. (1)] evidence the
tendency toward isotropic superconductivity, with y= 1.

In Fig. 6, the temperature behavior of the upturn field H,,
detected in three Al-doped compounds, for the nir samples
and in pure, untreated MgB,, are collected. In pure MgB,
and in the slightly irradiated compound, H,, increases on

FIG. 6. Upturn field in the isothermal magne-
tization curves as a function of the measuring
temperature in ald (O, x=0.25; [J, x=0.15; and,
A, x=0.1), in nir MgB,, and in the pure unirra-
diated compound. The solid arrows are guides for
1 the eyes. The dotted line for the P-3.7 sample
tracks the temperature behavior of H,, above and
below the transition temperature in the strongly
irradiated sample.
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measuring the magnetization at constant temperatures, all
above T,. On the contrary, in Al-doped compounds, the up-
turn field decreases on increasing the measuring temperature
above bulk T.. Finally, in the strongly irradiated compound
P-3.7, the upturn fields are sketched in Fig. 6 for temperature
above and below the transition temperature. The flattening of
the data around T indicates the change over from the fluc-
tuation induced diamagnetism (for T=T,) to the incipient
magnetization curves occurring below T..

From the experimental data, it seems possible to conclude
that the irradiation induces a kind of homogeneously de-
fected structure, which is reflected in the spectrum of the
superconducting fluctuations and the related diamagnetism
above the transition. The reduction in the anisotropy factor y
implies that the coherence length along the ¢ axis and in the
plane are forced by the irradiation toward a common value,
at least for the sample exposed to the fluence of 5.5
X 10'8 neutrons/cm?.

The decrease in the upturn field upon irradiation is more
difficult to handle, the role of the magnetic field in suppress-
ing the superconducting fluctuations in a two-band supercon-
ductor being hard to treat in the framework of the micro-
scopic Gor’kov theory accounting for nonlocality and short-
wavelength fluctuations.! In the crude assumption of the so-
called zero dimensional model for the superconducting
droplets responsible of the FD (see Refs. 12 and 13), one
approximately writes for the single particle magnetization

MY (e,T) = — kyTH[4 7 Ed* /15D [e + QP EHd/5D)],
(2)

where &=(¢2,&,)" is an effective coherence length, & the
reduced temperature, and d an average size of the fluctuating
SC droplets responsible of the FD, which can be assumed to
be of the order of & Under these simplifying assumptions,
the upturn field in the isothermal magnetization curves is
given by

Hyy =~ \2.5\e®y/méyd. @)

According to this equation, the reduction of H,, upon neu-
tron irradiation would mean that the effective almost-
isotropic coherence length is increased. This is somewhat
surprising in view of the remark that the 7 band at larger
value of the coherence length should be brought by the irra-
diation to the dirty regime more easily than the o band. On
the other hand one should remark that also the upper critical
field H,,, which in the clean limit is inversely proportional to
& was found to decrease for the sample P-3.7.% An effective,
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common coherence length shorter than &, can be assumed to
occur in the dirty regime for both the two bands.'

As regards the possible persistence of two-band effects!
in the spectrum of the superconducting fluctuations, first we
remark the following. The two-band spectrum is observable
in the magnetization curves only for magnetic field perpen-
dicular to the ¢ axis and for temperature rather far from T..
On approaching the transition, the two bands merge and the
magnetization curve is no longer structured.'®> A careful ex-
perimental attempt has been performed on the P-3.7 sample
to look for evidence of a double structure in the magnetiza-
tion curves. However, the signal to noise ratio for tempera-
tures rather far from 7, is too poor to allow a firm conclu-
sion. Furthermore, the tendency upon neutron irradiation
toward the isotropy condition can be expected to wipe out
any double-structured magnetization curve.

Summarizing, from the isothermal magnetization curves
above the superconducting transition temperature, the differ-
ent nature of the diamagnetism occurring in Al-doped MgB,
with respect to the one in neutron irradiated MgB, has been
evidenced, thus emphasizing the quite different character of
the related disorders. Upon Al doping, a diffuse transition
occurs, with site dependent transition temperatures which
imply a strong anomalous diamagnetism above the bulk
T2, originated from the region of the sample having 7'
>Tt’“'k. At variance, the neutron irradiation, although de-
creasing the transition temperature, introduces a kind of “ho-
mogeneous disorder”: the transitions remain sharp and the
spectrum of the superconducting fluctuations revealed by the
fluctuating diamagnetism retains most of the features typical
of unirradiated MgB,. The effect of the magnetic field in
suppressing the superconducting fluctuations above a certain
H,, is confirmed, with two significant modifications with re-
spect to untreated MgB,. The upturn field H,, as well as the
anisotropy factor decrease on increasing the neutron fluence.
The implications of these findings have been discussed, sug-
gesting a crossover to a dirty regime for both the two bands,
with a common almost-isotropic spectrum for the supercon-
ducting fluctuations, corresponding to an increased effective
coherence length.
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