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Comparative study of neutron irradiation and carbon doping in MgB, single crystals
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We compare the reversible and irreversible magnetic properties of superconducting carbon doped and un-
doped MgB, single crystals before and after neutron irradiation. A large number of samples with transition
temperatures between 38.3 and 22.8 K allows us to study the effects of disorder systematically. Striking
similarities are found in the modification of the reversible parameters by irradiation and doping, which are
discussed in terms of impurity scattering and changes of the Fermi surface. The irreversible properties are
influenced by two counteracting mechanisms: they are enhanced by the newly introduced pinning centers but
degraded by changes in the thermodynamic properties. Accordingly, the large neutron induced defects and the
small defects from carbon doping lead to significantly different effects on the irreversible properties. Finally,
the fishtail effect caused by all kinds of disorder is discussed in terms of an order-disorder transition of the

flux-line lattice.
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I. INTRODUCTION

A lot of effort has been invested since the discovery of
superconductivity in MgB,,! in order to improve its super-
conducting properties for possible applications. Strong pin-
ning and high upper critical fields are needed for applica-
tions, such as high field magnets. It was shown® for
polycrystalline MgB, that the small upper critical field for
fields parallel to the crystallographic ¢ axis [uoHS,(0)
=3 T] limits the application range of MgB,. At this field, the
first grains (grains with their boron plane oriented perpen-
dicular to the applied field) of an untextured tape or wire
become normal conducting. At higher fields, the critical cur-
rents are strongly suppressed and only small percolative su-
percurrents prevail. As for several materials in the past, dop-
ing and particle irradiation turned out to be appropriate
methods for improving the upper critical field or pinning and
for investigating changes of the superconducting properties
in a systematic way. Among the numerous possibilities of
doping MgB,, carbon seems to be most promising for en-
hancing H_.,. Carbon substitutes boron in the MgB, crystal
structure.’ Neutron irradiation was found to increase not only
the upper critical field but also pinning. By irradiating doped
crystals, it is possible to combine both methods in one crys-
tal.

Intensive research efforts over the past years have clari-
fied many aspects of the mechanism of superconductivity in
MgB,, for a review, see Ref. 4. S-wave pairing caused by
electron-phonon coupling was established soon and the
Fermi surface was found to consist of four energy bands.
Two of them originate from the in-plane orbitals of the boron
atoms and are denoted as o bands. These bands have a cy-
lindrical shape and are strongly anisotropic. On the other
hand, the boron p, orbitals forming the 7 bands are more
isotropic. Today, it is experimentally and theoretically estab-
lished that the anisotropic shape of the Fermi surface to-
gether with an anisotropic electron-phonon coupling on the
different sheets of this Fermi surface leads to two energy
gaps of different sizes. The gap in the 7 bands, A, is about
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2 meV, whereas the gap in the ¢ bands, A, is about 7 meV
due to the strong coupling of the electrons to the E,, phonon
mode. Considering the nearly equal density of states (DOS)
of these different bands at the Fermi level, this results in the
two-band behavior of MgB,. Interband coupling is suffi-
ciently weak to avoid substantial smearing of the two-band
effects but is still responsible for a common closing of both
energy gaps at the same temperature in zero field. Thus,
many superconducting properties of MgB, can be success-
fully described by a simple two-band model>® with two
spherical Fermi surfaces for the 7 and the o band (in par-
ticular, for Hllc). For anisotropic properties such as H.,,
other models were chosen for the Fermi surface topology,”®
or different diffusivities along the main crystallographic di-
rections were introduced in dirty limit models.®!? The intro-
duction of point defects in such a system modifies the upper
critical field by both inter- and intraband scattering, poten-
tially increasing the upper critical field but decreasing the
transition temperature.

In this article, we report on investigations of the magnetic
properties of several carbon doped and undoped MgB, single
crystals before and after neutron irradiation. Section II pro-
vides some details of the experiments including the measure-
ment and evaluation methods, carbon doping (Sec. IT A), and
neutron irradiation (Sec. II B). The results will be presented
and discussed in Sec. III. Particular emphasis is placed on the
systematic effects by introducing disorder. We start with a
comparison of the reversible properties (transition tempera-
ture, upper critical fields, and anisotropy) in Sec. IIT A and
discuss them in terms of the two-band model in MgB,. Then
(Sec. IIT A), the irreversible properties (magnetization loops
and critical current density) are analyzed with respect to the
different kinds of defects introduced by different treatments
(i.e., by carbon doping or neutron irradiation) and under the
consideration of their effects on the reversible properties.
The second peak, which emerges in all samples when intro-
ducing disorder, is discussed in terms of an order-disorder
transition. Finally, we provide a summary and conclusions in
Sec. IV.
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TABLE 1. Transition temperature 7, of differently doped
Mg(B,_,C,), single crystals before and after each irradiation step.
OT .. denotes the decrease of the transition temperature after irradia-
tion in undoped samples (0%) and the temperature difference to
38.3 K in carbon doped samples. AT, denotes the superconducting
transition width. Fy refers to the fast neutron fluence for samples
irradiated in the central irradiation facility and to the thermal neu-
tron fluence ( *) for samples irradiated with a soft neutron spectrum.

Fy T, —6T, AT,
Carbon (10*' m?) (K) (K) (K)
0% 0 38.3 — 0.15
0% 0.1 38.2 0.1 0.17
0% 2 37.3 1 0.22
0% 4 36.55 1.8 0.33
0% 10 34.1 3.9 0.44
0% 0.15" 35.75 2.6 1.6
0% 0.8" 30.45 7.75 1.6
0% 1.2 26.55 11.6 24
0% 1.6" 22.8 15.35 3
3.8% 0 35.4 2.8 24
3.8% 2 34.7 3.5 2.54
6.6% 33.15 5.05 4.0
6.6% 2 32.0 6.2 43
6.6% 4 31.35 6.85 45
9.5% 0 30.5 7.7 7.0

II. EXPERIMENT

All single crystals investigated in this study were grown
at the Solid State Laboratory ETH-Zurich using a high-
pressure technique in a cubic anvil press. Details concerning
the undoped samples can be found in Ref. 11 and concerning
the carbon doped samples [Mg(B,_,C,),] in Ref. 12. The
typical size of the single crystals is about 0.3—1 mm in the
basal plane (parallel to the boron planes of MgB,) and
0.02-0.2 mm along the ¢ direction (parallel to the uniaxial
axis of MgB,).

The magnetic measurements in fields up to 8 T were per-
formed in a noncommercial superconducting quantum inter-
ference device (SQUID) magnetometer (for more experimen-
tal details, see Refs. 13 and 14), a 7 T SQUID magnetometer
(Quantum Design), and a 5 T vibrating sample magnetome-
ter. The transition temperature 7, (Table I) was obtained
from ac susceptibility measured in a commercial 1 T SQUID
magnetometer (Quantum Design) with a special low field
option. The applied ac-field amplitude was 30 T and the
onset of a tangent criterion was used to evaluate 7. Here, the
steepest slope in the transition of the in-phase susceptibility
was linearly extrapolated to zero magnetization and the in-
tersection point of the tangent with the x axis used to define
T.. The transition width AT, is defined by the drop of the
in-phase susceptibility from 10% to 90% of the Meissner
signal. The increase of the transition width after fast neutron
irradiation is rather small (0.1-0.3 K), indicating the homo-
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geneity of the radiation-induced defect structure, whereas
larger changes were found upon thermal neutron irradiation.
The magnetization measurements at fixed field or fixed tem-
perature were used to define the upper critical fields (H, for
Hllc and H, for Hllab) as the field or temperature, where the
magnetic moment (m) vanishes. The corresponding aniso-
tropy is calculated via y=H/H¢,. Further details are avail-
able in Refs. 15 and 16.

The critical current density parallel to the ab planes (J,)
can be calculated from the hysteresis width of the magnetic
moment (m) in increasing (H,) and decreasing field (H_)
employing an extended Bean model. Assuming a constant
absolute value of the critical current density in the sample,
the general definition of the magnetic moment induced by a

current distribution m,=0.5 [ d*rr X .;C directly leads to
J.(B)={m(B)/VH{4/[b(1-b/3a)]} (a=b) for rectangularly
shaped crystals, m;(H)=0.5[m(H_)—m(H,)] denotes the irre-
versible magnetic moment in the ¢ direction, and V=abc is
the sample volume, where a and b are the sample lengths
parallel to the ab plane, and c in the ¢ direction. The small
field correction due to the current induced stray field H; is
numerically calculated leading to the magnetic induction B
= /“LO(H +H s) .

A. Carbon doping

The effects of doping on MgB, can be summarized as
follows (see, for example, Ref. 12 and references therein):
The carbon atoms substitute boron at the boron lattice sites
(defining the crystallographic ab plane) and thereby enhance
impurity scattering due to lattice distortions in the boron sub-
lattice by chemical disorder. Generally, the defects intro-
duced by doping presumably act as point defects.!” In the
two-band superconductor MgB,, at least three different scat-
tering rates have to be considered:'® intraband scattering
within the 7 and o bands and interband scattering between =
and o bands. It was argued that the retention of two-band
superconductivity supports the conclusion that interband
scattering is hardly influenced by doping—at least up to a
carbon content of 10% (x=0.1). Higher doping concentra-
tions are discussed controversially.!®?* Thus, it is most
likely that intraband scattering increases, but it is still under
discussion which of the energy bands is affected more.!824-26
Several studies have shown an increase in H,., in polycrys-
talline materials>2”-»% as well as in single crystals,2242%-30
which can be related to increased intraband scattering. A
second important effect of carbon substitution is electron
doping by the additional electron provided by the carbon
atom. According to band structure calculations®!' and electron
energy-loss spectroscopy experiments,’”> electron doping
mainly affects the holes in the o bands which are continu-
ously filled. This results in a shift of the Fermi level, making
the Fermi surface more isotropic. Therefore, carbon doping
was also found to reduce the anisotropy in MgB, due to a
decrease of the o band anisotropy.!>2429-30.33

B. Neutron irradiation

Neutron irradiation introduces defects in MgB, mainly by
the neutron capture reaction of 10B. The resulting reaction
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products (Li ions and alpha particles) create the defects.
Defects resulting from direct collisions of fast neutrons with
lattice atoms seem to be negligible. The size of the defects
ranges from several nanometers (i.e., similar to the coher-
ence length) supported by transmission electron microscopy
investigations down to pointlike defects.?** For further de-
tails concerning the irradiation of MgB,, see Refs. 36 and 37.

Neutron irradiation was performed in the TRIGA-
MARKA-II research reactor in Vienna. Most samples were
irradiated in the central irradiation facility with a fast/thermal
flux density of 7.6/6.1 X 10' m=2 s~!. Fast neutrons are de-
fined by E>0.1 MeV, thermal neutrons by E<0.55eV.3
Only two samples were irradiated in a position outside the
graphite reflector, with a rather soft neutron spectrum (fast/
thermal flux density: 1.4/30X 10'* m™2s!). The large cross
section for the neutron capture of '°B at low neutron energy
leads to a larger defect density in the surface regions com-
pared to the interior of the material, even in single crystals.
The transition width increased significantly (up to 3 K for a
decrease of T, by approximately 16 K) in these two crystals.
Therefore, the thermal neutrons were shielded with a cad-
mium foil in the central irradiation facility, in order to
achieve a more homogeneous defect distribution over the
entire sample volume as indicated by a small superconduct-
ing transition width AT, (see Table I). Note that also in that
case, defects are mainly introduced by the neutron capture
reaction. >

The irradiation of pure MgB, leads to comparable results
in both positions,® which supports the conclusion, that
mainly the neutron capture reaction is responsible for the
observed modifications since the fast neutron fluence differs
by orders of magnitude (see also Ref. 37). It is rather difficult
to calculate the number of neutron capture reactions, since
the neutron spectrum has to be known accurately and geom-
etry dependent self-shielding effects have to be taken into
account. Such calculations were performed for larger bulk
samples irradiated in the central irradiation facility.>® We did
not repeat these calculations for the actual crystal geometries
or for the second irradiation facility, since the defect concen-
tration, which results from one neutron capture reaction, is
unknown. In any case, the defect concentration is propor-
tional to the neutron fluence, although with different propor-
tionality constants. Since the neutron capture cross section is
largest at low neutron energies, we refer to the thermal flu-
ence for samples irradiated without cadmium screen. The
fast neutron fluence is given for all other samples, since the
low energy neutrons are absorbed in the cadmium shield.
Since the transition temperature decreases linearly (see Sec.
IIT) with defect concentration, we introduce this decrease
(=6T,) as “disorder parameter,” which is proportional to the
defect density. We find that a thermal fluence of 4
% 10%° m~2 in the position outside the reflector induces the
same number of defects as a fast neutron fluence of 10> m~2
in the central irradiation facility (with cadmium screen).

III. RESULTS AND DISCUSSION

A. Reversible properties

Table I summarizes the transition temperature and the
width of the superconducting transition before and after each
irradiation step for all samples of this study.
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FIG. 1. Transition temperature 7, of irradiated doped, irradiated
pure, and unirradiated doped MgB, as a function of carbon content
and fast neutron fluence. The arrows indicate the irradiation steps of
the doped crystals; the dotted line is a guide to the eyes. 1% carbon
doping corresponds to a fast/thermal neutron fluence of 2
X 1071/8 X 10" m2, respectively.

Figure 1 shows the transition temperature of several
MgB, single crystals as a function of doping and irradiation.
For doping (carbon content less than 10%) as well as for
neutron irradiation, a linear decrease of 7. is found in agree-
ment with reports in the literature.'>¥ If we associate 1%
carbon doping with Fi&*'=2 10! m=2 and with Fem™¥=g
%X 10" m™2, we find that all data collapse on a common
straight line. For doped irradiated crystals (stars in Fig. 1),
we added the neutron fluence to the carbon content, as indi-
cated by the arrows. Thus, the disorder parameter —o7.,
which was introduced in Sec. II B to quantify neutron in-
duced disorder, can be extended to disorder introduced by
carbon doping by 67.=38.3 K-T,. Although this seems
rather arbitrary at this point, since the transition temperature
might be reduced by different mechanisms, it turns out to be
very useful for the comparison of the reversible properties.

Two main mechanisms are responsible for the reduction
of T.. First, a decrease of the DOS at the Fermi level, and,
second, interband scattering. Carbon doping adds additional
electrons to the system, which fills the bands, shifts the
Fermi level, and thus reduces the DOS. According to theo-
retical calculations, this seems to be enough to explain the
experimentally observed reduction of 7,.!” Also, disorder can
reduce the DOS by smearing the Fermi surface.?* A reduc-
tion of the DOS following irradiation was proposed for
MgB, (Refs. 17, 40, and 41) and observed by NMR in neu-
tron irradiated MgB, with a T, of 7 K.#?

For interband scattering, a saturation of 7. is predicted at
approximately 25—22 K,%!19434 where the o and the 7 gap
are predicted to merge. This gap merging was reported for
both neutron irradiated® and for carbon doped”® MgB,, al-
though at lower temperatures than predicted. No saturation
was observed. The transition temperature decreases continu-
ously and nearly linearly with increasing defect density
down to 7 K in irradiation experiments with He ions*’ or
with neutrons.*’*® For highly carbon doped samples
(=10%), the decrease of the transition temperature becomes
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FIG. 2. Reversible parameters of MgB, with defects from dop-
ing and neutron irradiation as a function of —d&7T,. The point at
—0T.=0 refers by definition to a typical undoped, unirradiated
sample. The left panel shows the upper critical fields at zero tem-
perature, H,,(0), for Hllc and Hllab. The anisotropy evaluated from
H., at T/T.=0.7 is plotted in the panel at the right-hand side. Data
for low carbon substitution (+ symbols) are taken from Ref. 28 and
the lines are guides to the eyes. The arrows indicate irradiation steps
of 2 10*! m™2.

even faster.!2 In both cases, interband scattering alone cannot
explain the behavior of 7, and an additional reduction of the
DOS has to be considered. Note that in the case of carbon
doping, not all studies report gap merging,*”*® which makes
the role of interband scattering in carbon doped samples even
more controversial.

Figure 2 shows some reversible parameters evaluated on
doped and irradiated MgB,. The left panel presents the upper
critical fields extrapolated to zero temperature, H.,(0), as a
function of — 8T, for Hllc (H,, full symbols) and Hllab (H3,
open symbols). Using this abscissa instead of the transition
temperature T, has the further advantage that —67,.—in con-
trast to T,—increases with the defect density. The values for
the transition temperature itself can be obtained from —oT.
by taking 7,=38.3 K as the transition temperature of typical
undoped as-grown MgB, single crystals. Data for low dop-
ing levels are taken from investigations on carbon doped
MgB, filaments in Ref. 28.

Generally, doping as well as irradiation increase the upper
critical field, the enhancement being larger for doping. Three
different regions can be separated in the dependence of
H_.,(0) on —8T,. which are indicated by the vertical dashed
lines in Fig. 2. In region I, which refers to low defect densi-
ties, we find increasing upper critical fields with increasing
defect density for both field orientations. We find a nearly
linear increase of the upper critical field with increasing de-
fect concentration, as expected from the Gor’kov-Goodman
relation,*>** which is based on impurity scattering. Note that
we do not have own data for carbon doping in this region
and use data from literature®® for Hllab. We are not aware of
any available data for Hllc in this doping and 7, regime. In
principle, H,, is affected by intra- and interband scattering,
but since 7. is not changed very much in this region, inter-
band scattering must be much smaller and is negligible for
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the reduction of the mean free path of the charge carriers. For
a given mean free path (or H,,), the transition temperature is
more reduced in the neutron irradiated samples. This indi-
cates a higher interband scattering rate in these samples,
since the other mechanism (reduction of the DOS) reducing
the transition temperature should be more pronounced for
doping. Charge doping only occurs in doped samples and the
reduction of the DOS due to disorder is expected to be the
same in doped and irradiated samples, since it is induced by
the same parameter as the increase of H,, itself, i.e., the
intraband scattering rate in the o band. This is consistent
with the calculations of Ref. 41, where a negligible reduction
of the DOS was reported at small levels of disorder and
interband scattering found to be responsible for the decrease
of T, at low neutron fluences.

A common behavior is observed in region II. We again
observe a linear dependence of H,(—4T,) with the same
slope (within experimental accuracy) in the irradiated and
doped samples and even in the irradiated doped samples. The
decrease of H*5(~8T,) is about 2.2 T/K and the increase of
H!,(-0T,) about 0.5 T/K. It is rather striking that doping
and irradiation modify the properties, responsible for
changes in H., and T,, in the same way in region II, since
only smearing of the DOS and a decrease of the mean free
path are directly correlated with each other, while charge
doping is absent in undoped samples and interband scattering
seems to be weaker in the doped samples, at least in region 1.
Since there is no reason why interband scattering should not
be further increased in the neutron irradiated samples and the
saturation of 7, is predicted at much lower temperatures,
either interband scattering in carbon doped samples becomes
more important in region II or the influence of charge doping
in carbon substituted samples compensates the stronger re-
duction of T, in the irradiated samples. Another unexpected
and interesting fact is that doped and irradiated samples enter
region II at the same value of —6T,~2.8 K (T.~35.4 K),
which corresponds to 3.8% carbon doping and Flf\?“=7.6
X 10%! m~2, respectively. At this point, H% has a maximum
and the slope changes rapidly so that H?é’ decreases in region
II, whereas H., of the irradiated samples changes its slope
but still increases in region II. It is difficult to explain this
behavior, because none of other fundamental parameters, as
for instance, the lattice parameters, the energy gaps, the re-
duction of the DOS, or the transition temperature, show such
abrupt changes at —67,~2.8 K. Intraband scattering cannot
be responsible for this abrupt change since it is different in
doped and undoped samples at this point, as indicated by the
different upper critical fields. Note that the decrease of 7.
cannot explain the reduction of the upper critical field (for
Hllab) alone since extrapolation leads to zero H,, well above
zero transition temperature.

At high defect densities in region I (-6T,.=8 K, T.
=<30.2 K), only data on irradiated crystals are available. H.,
decreases with increasing defect density for both field orien-
tations, the decrease of H being flatter than in region II.

The right-hand panel in Fig. 2 shows the anisotropy
evaluated from the upper critical fields for the experimen-
tally accessible region of the phase diagram at 7/7,=0.7 as a
function of —4&T,.. The anisotropy of irradiated doped MgB,
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follows the common trend found for unirradiated doped and
irradiated pure MgB, as a function of — 67, as a consequence
of the upper critical field behavior. Further, only two regions
in the dependence of the anisotropy on the defect density are
separated, regions I and II in the upper critical field depen-
dence show the same (linear) behavior in the anisotropy. As
already mentioned in Sec. II A, the decrease of anisotropy in
the case of carbon doping is usually related to band filling,
which results in a more isotropic o band, whereas scattering
has to be responsible for the decrease of anisotropy in the
case of neutron irradiation. The similar dependence of the
anisotropy on —67, for doping and irradiation could again
indicate that the same mechanism is responsible in both
cases (i.e., scattering—and not band filling in the case of
doping). Another possibility is that the decrease of the aniso-
tropy itself is (at least partly) responsible for the reduced
transition temperature.’'=3

High fluence irradiation experiments show that MgB, be-
comes isotropic when 7. is reduced by approximately 16 K
(T.=22.8 K). At such defect densities, two energy gaps have
still been detected.*’ Thus, the o band has already become
isotropic at these defect densities or the anisotropy is reduced
by an increasing importance of the nearly isotropic 7 band.

Summarizing the changes in the reversible parameters by
doping, irradiation, and also by a combination of both, we
find that the introduction of both kinds of defect structures
influences these parameters in a similar way as a function of
the defect density expressed by —dT,, which most likely in-
dicates the number of small defects (scattering centers).
Since scattering seems to be responsible for all changes, we
find no clear traces of the predicted influence of charge dop-
ing on T, or on the upper critical field anisotropy, although
the reduction in the DOS due to charge doping might (partly)
compensate the higher interband scattering rate in neutron
irradiated samples, leading to a similar reduction of T..

B. Irreversible properties

Figure 3 shows magnetization loops of an irradiated car-
bon doped (3.8% carbon content, Fi'=2 X 10?! m~2) MgB,
single crystal at several temperatures for Hllc. Similar curves
were observed on all other irradiated samples (Ref. 34 and
Fig. 4). The most striking effect of neutron irradiation is the
emergence of a pronounced fishtail effect over a large tem-
perature interval in all investigated samples. No fishtail was
observed in any unirradiated undoped sample and only small
effects in unirradiated doped ones. At low defect density, the
fishtail is observed only near H,,, whereas large parts of the
magnetization loops remain reversible. With increasing de-
fect density (i.e., increasing —&T,), the effect is extended to
lower (reduced) fields and the hysteresis width becomes
larger, but the fishtail behavior goes through a maximum and
becomes again less pronounced at very high defect densities.

These effects are demonstrated in Fig. 4, where loop mea-
surements at around 5 K are compared for doped and un-
doped MgB, before and after neutron irradiation. To make
the results independent of sample size or geometry, we re-
place the usually quoted magnetization M=m/V (V denotes
the sample volume) by aM, where a=4/[b(1-b/3a)] (a and
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FIG. 3. Magnetization loops of an irradiated doped MgB, single
crystal for fields along the ¢ axis at several temperatures. The kink
field H;, which refers to the order-disorder transition field of the
flux-line lattice, is indicated by the intersection point of two lines in
the 5 K curve.

b are the lengths of the rectangular sample in the ab plane).
Note that a comes from the calculation of J. in rectangular
samples according to the Bean model, i.e., J.(H)=|M(H)|a,
if the reversible magnetization is neglected (see Sec. II).
Thus, the hysteresis width obtained from aM at increasing
and decreasing fields is proportional to J,. (~2J,) and there-
fore independent of sample geometry. Furthermore, these
loops were measured at the same reduced temperature 7/7,,
with 7=5 K for the unirradiated pure sample, whereas the
temperature is slightly adjusted in all other samples, so that
T/T.=5/38.3.

Concentrating at first only on the undoped samples in Fig.
4 (curve 0), we see that most of M(H) in the unirradiated
state lies in the reversible regime even at 5 K indicating a
poor as-grown defect structure. This is significantly changed
upon neutron irradiation even at the very low fast neutron
fluence of only 1X10* m™2 (=6T,=0.1 K, curve 1). We
find larger J, at low fields, a larger (first) irreversibility field
[the lowest field where m(H) becomes reversible], and a fish-
tail effect near H,.,. These observations make very effective
radiation-induced pinning centers plausible, as suggested in
Ref. 34, i.e., defects with a radius of about 5 nm which is
only slightly smaller than the coherence length in MgB, of
~10 nm at low temperatures.'3 It also justifies disregarding
the preirradiation defect structure as pinning centers. While
the curves at low fluences (0, 1) are still reversible over a
large part of the field range, they become irreversible from
0 T to almost H,, at a higher fluence level, see the results at
F}C\?“ZZ X 10?! m~? (=8T,=1.0 K) in Fig. 4 (curve 2). Addi-
tionally, the hysteresis width near the second peak field is
strongly enhanced. At very high defect density (-7,
=154 K, F¥™=1.6 X 10*' m™2, curve 3), the MgB, crystal
is still irreversible over almost the whole field range, but the
maximum hysteresis width (i.e., J,) is significantly smaller
than for —o67T,.=1.0 K. As mentioned before, we presume
that the fast and the thermal neutron irradiation create a very
similar defect structure at the same —o7,. due to the same
defect creation mechanism (see Sec. II B), which is strongly
supported by the results in the overlapping —&T, range (crys-
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FIG. 4. Comparison of magnetization loops modified by defects
introduced by doping and irradiation for Hlic at T~5 K (T/T,
=5/38.3). Each curve is shifted by a constant value along the ver-
tical axis for clarity. The magnetization M is modified by the factor
a, so that J.(H)=|M(H)|a, i.e., the hysteresis width equals about
2J. (see text). The numbers refer to (0) undoped unirradiated
sample; (1) undoped, —6T,.=0.1 K, FfNaSlzo.l X 10> m~2; (2) un-
doped, —6T,=1.0K, F'=2x10>' m™2; (3) undoped, 4T,
=154 K, Fl™=16Xx10* m™% (4) carbon content x=3.8%,
—8T,=29 K; (5) x=3.8%, —6T,=3.6 K, Fi*'=2Xx10*' m2; (6)
x=6.6%, —6T,=63K, Fi¥'=2x10* m™; and (7) x=6.6%,
—8T,=7.0 K, Fi'=4x 10! m=2.

tals with —oT,. between 0.1 and 3.9 K are available from fast
neutron irradiation, and between 2.6 and 15.4 K from ther-
mal neutron irradiation), where good correspondence was
found for the reversible and for the irreversible properties.
The changes of the hysteresis width at the second peak
field with increasing —&7T, are qualitatively similar to the
behavior at low fields, as illustrated in Fig. 5, where J.(B) is
shown in panel (a) and the enhancement of J, at very low
reduced fields (B/B,.,=0.005) with respect to the unirradi-
ated undoped sample (J2“°) in panel (b) (Hlle, T/T,
=5/38.3). Note that there is some sample-to-sample varia-
tion in J2*", which could slightly change the results of panel
(b). With increasing —4T,, J,. starts to grow rapidly but
reaches a rather sharp maximum of about 4/ [at B/B,,
=(0.005, panel (b)] at —6T.~1-2 K, then drops signifi-
cantly to about 2J°""¢ at —6T.~2.5 K, and finally decreases
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. | B/B,=0.005 |
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FIG. 5. Panel (a) J.(B) at low fields. The numbers refer to (0)
undoped unirradiated sample; (1): undoped, —67,.=0.1 K, Flffl‘st
=0.1X10*" m=%; (2) undoped, —8T,=1.0 K, Fi*'=2x10*' m™%;
(3) undoped, —8T,=3.9 K, Fi*'=10Xx10*' m™2; (4) undoped,
-0T,=154K, Fﬂ}erm: 1.6X10*!' m™%; (5) carbon content x
=3.8%, -6T,=29K; (6) x=9.5%, —oT,=77K; (7) x=3.8%,
8T, =36 K, Fi¥'=2x10"'m™2; (8) x=6.6%, —dT,=6.3 K,
Fist=2%x 102" m™2;, and (9) x=6.6%, —6T,=7.0K, Fi'=4
% 10*' m™2. Panel (b) Critical current density normalized to J, of
pure MgB, as a function of =67, (0.0 K<-6T.<15.4 K) at the
reduced field B/B.,=0.005 and T~5 K (7/T,.=5/38.3). Most of
the results refer to direct measurements; only some of them were
obtained by extrapolation from slightly higher fields. Each arrow
indicates a fast neutron fluence step of 2 X 10>! m~2; the dotted line
refers to J./JP""*=1. The encircled symbols highlight the results for
Fist=2 % 102! m=2.

more smoothly and linearly to values below those in the
as-grown samples, i.e., to about 0.5/ at —6T,~15.4 K.
Qualitatively, similar results are found at other low fields
[panel (a)].

This behavior suggests that neutron irradiation influences
the irreversible properties of MgB, by different counteract-
ing mechanisms. It is obvious that the addition of pinning
centers (i.e., defects) enhances the pinning properties, which
is considered the main reason for the large increase of J,. at
low —6T,. At the same time, disorder also modifies the re-
versible properties as shown in the previous section, which
control the pinning force, the elasticity of the flux-line lat-
tice, etc. For instance, when the upper critical field grows,
the coherence length decreases and therefore the pinning vol-
ume is reduced. It was also shown' that the critical field
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decreases with increasing — 48T, (at least at low —&T,) which
reduces at the same time the condensation energy for flux-
line pinning, whereas a reduction of the anisotropy makes
the flux-line lattice stiffer,* which lowers its ability to adapt
to the defect matrix. More quantitative statements are diffi-
cult because of a lack of experimental data at higher defect
densities. While the coherence length (£,,) is easily obtained
from the upper critical field via the Ginzburg Landau rela-
tions [e.g., BS,=®y/(27E,), ®y=2.07X10""3 Vs], the
magnetic penetration depths (and other properties calculated
from the Ginzburg Landau relations) are assessed by fitting
the reversible magnetization, whose accessibility becomes
more difficult at higher defect densities since the irreversible
fraction of the curves grows. In addition, we have to consider
that the low field results for J.. call for a two-band descrip-
tion, but the low field properties are even less well estab-
lished at high defect densities.!> It should be realized, how-
ever, that the behavior of J. is qualitatively similar at high
fields (e.g., at the peak field), where the behavior is mainly
controlled by the o band properties.!> We also note that the
rapid decline of J,. between about —67,.~2 and 2.5 K ap-
proximately correlates with the crossover from regions I to II
in Fig. 2, which indicates some significant changes in the
reversible properties there.

Turning now to the carbon doped samples in Fig. 4 (curve
4) and Fig. 5 (curves 5 and 6), we find a small fishtail even
in the unirradiated crystals (inset in Fig. 4), which becomes
slightly more pronounced with increasing carbon doping. At
very low reduced fields (B/B,,=0.005), however, the criti-
cal current density degrades [Fig. 5(b)] to J./J2"*=0.06 at
x=3.8%, 0.03 at x=6.6%, and 0.01 at x=9.5%. We point out
that the changes are less dramatic when going to lower re-
duced fields (e.g., J./J2"*=0.3 at x=9.5% and B/B.,
=(.002) or when comparing J,. at nonreduced fields. The
latter is shown in Fig. 5(a), where we observe that the main
effect of carbon doping is a significant enhancement of the
slope of J.. vs B (at low fields) and a corresponding reduction
of the irreversibility field. The opposite behavior is usually
observed in carbon doped bulks®~® or films.’” The grain
boundaries are the dominant pinning centers in these materi-
als and the irreversibility field as well as the field depen-
dence of J, are determined only by the upper critical field.>*
The irreversibility field is given by H%/\p*(¥’=1)+1 in
untextured MgB,. Thus, the increase of the upper critical
field and the reduction of the anisotropy enhance the irre-
versibility fields and consequently reduce the field depen-
dence of J... The fishtail observed in single crystals actually
indicates the emergence of new defects from doping. How-
ever, these defects are presumably very small and therefore
only weak pinning centers, the corresponding improvement
of pinning being obviously counteracted by the reversible
properties. Indeed, as shown in Fig. 2 and Ref. 16, the dif-
ferences in the reversible properties of doped and undoped
samples are very significant, and all changes, i.e., higher up-
per critical fields, lower condensation energy, and anisotropy
in the carbon doped samples, lead to worse pinning proper-
ties.

Irradiation of the carbon doped samples (by fast neutrons)
leads to similar effects as in undoped samples, i.e., the fish-

PHYSICAL REVIEW B 75, 224510 (2007)

tail becomes quite pronounced and J,. at low fields increases
strongly. For instance, at a carbon doping level of 3.8%, a
fast neutron fluence of 2 X 10?! m~2 enhances J, at low fields
by a factor of about 11 (B/B,,=0.005). The resulting J,.(B)
is larger than J2“(B) [Fig. 5(a)] but smaller at not too low
reduced fields [Fig. 5(b)]. At a carbon doping level of 6.6%,
J. also increases significantly upon the second irradiation
step from 2 to 4 X 10?! m™2 but also remains below J2*"¢ in
the representation of Fig. 5(b). The results suggest again that
the preirradiation defects can be neglected as pinning cen-
ters, thus making the pinning matrices similar in doped and
undoped irradiated single crystals. Note that Figs. 4 and 5
include results on three different samples at Fi¥'=2
X 10?! m~2 [see encircled symbols in Fig. 5(b)], an undoped
one (i.e., x=0%), and two doped ones (x=3.8% and 6.6%,
respectively), which should provide (almost) the same defect
structure for flux-line pinning. The strong differences in J,
e.g., JO p=36%, p=68%~12:2:1 at B/B.,=0.005, where
J%. refers to the critical current density of a sample with car-
bon content x, accordingly reflect the changes in the revers-
ible properties and their significant influence on flux-line
pinning (which is obviously worsening with increasing —&T,)
directly.

The fishtail effect in a superconductor can be ascribed to
an order-disorder transition of the vortex matter. According
to this widely accepted interpretation (e.g., Ref. 59 and ref-
erences therein), the flux-line lattice changes from an ordered
state at low fields, mainly controlled by vortex interactions,
to a disordered state at higher fields, where the vortex-defect
interaction dominates. In the disordered state, the lattice is
better adjusted to the pinning matrix, leading to a higher J.,
which explains nicely the second peak. The exact field of the
transition is often associated with the kink field evaluated in
increasing fields,®® H, (see arrow in Fig. 3), which will also
be used in this work, but the onset field (i.e., the minimum
between first and second peaks) shows very similar values
and temperature dependencies.** It was recently shown that
the temperature dependence of H; in both neutron irradiated
undoped single crystals®* and in unirradiated carbon doped
crystals®' matches calculations of the order-disorder transi-
tion according to Ref. 59, when assuming &l pinning (i.e.,
pinning due to variations in the mean free path%?).

Figure 6 shows the reduced kink-field H;/H, as a func-
tion of —=6T, (0.1 K<-6T,.<15.4 K, note that pure samples
do not exhibit a second peak) at 0 K (extrapolated from the
low temperature values). Considering only the undoped irra-
diated samples (squares in Fig. 6), — ST, is proportional to the
defect density (n,) of the large defects responsible for the
fishtail. With growing defect density, we find that H,/H,(0)
decreases rapidly at low —6T, (-=6T.<2 K), then goes
trough a minimum between about 4 and 8 K and increases at
high —&T... This corresponds to the field range of the fishtail,
discussed above, which emerges only near H., at low flu-
ences (i.e., low —4T.), but moves to significantly lower fields
at higher fluences. In terms of the order-disorder transition,
H,/H;, is expected to reflect the pinning properties, i.e.,
strong flux-line pinning would shift the order-disorder tran-
sition to lower fields (and vice versa, see Ref. 59 for details).
Accordingly, we expect a qualitative correlation with the
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FIG. 6. Order-disorder transition field H; normalized by the up-
per critical field at 0 K as a function of —6T, (0.1 K<-4T.
<15.4 K) for defects resulting from doping and irradiation. Note
that — 6T . refers to the reduction of 7, by irradiation only in the case
of the irradiated doped samples in this figure.

critical current density, which is indeed observed when com-
paring Figs. 6 and 5 (i.e., a large J. tends to reveal a low H,
and vice versa). Both curves go through an extreme value,
but the maximum of J, rather corresponds to the flattening of
H,. In principle, a growing defect density improves pinning,
i.e., H,C/Hﬁ2 should decrease, but disorder also modifies the
reversible properties of the superconductor, which in turn
influences H;. According to the theory,® H,/H¢, increases
when the anisotropy or H,, decreases (at constant defect den-
sity). As shown in Fig. 2, in fact, both y and H,, are reduced
at very high —67, providing a possible explanation of the
increase of H;/H¢, there.

Unirradiated carbon doped MgB, single crystals exhibit
small traces of a fishtail at intermediate fields; thus, H,/H,
vs —4T .. is much higher than in the irradiated samples (Fig.
6), reflecting much weaker pinning properties in correspon-
dence with the low J,. values shown in Fig. 5. Note that the
evaluation of H; suffers from some uncertainties due to the
small magnetic moment of these samples. It appears reason-
able to assume that the defect density corresponds directly to
the carbon boron substitution, i.e., a carbon content of 1%
would induce a defect density of about 7 X 10?® m~> (calcu-
lated using the size of a unit cell'?), which increases linearly
with x. Applying this defect density, the theoretical calcula-
tions of the order-disorder transition field>® lead to agreement
with the experimental H; when employing a defect radius of
about 0.25 nm, which is close to the size of a unit cell.

Neutron irradiation strongly affects the irreversible prop-
erties of the carbon doped samples, which justifies neglecting
the pinning matrix of the preirradiated samples for flux-line
pinning. Thus, we expect a similar H;/H., vs —6T, depen-
dence as in undoped irradiated samples if we redefine —5T.
to refer only to the reduction of T caused by irradiation (i.e.,
with respect to 7, of the unirradiated doped sample in the
case of doped samples). This is indeed observed (Fig. 6). The
somewhat larger values in the carbon doped samples can be
ascribed to differences in the reversible properties, e.g., to
the smaller anisotropy. We note, however, that the influence
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of the reversible properties on H is much less pronounced
than on J..

IV. SUMMARY AND CONCLUSION

The modification of the reversible and irreversible prop-
erties in irradiated and/or doped MgB, is determined by the
particular introduced defect structure. Pointlike defects from
doping and also from irradiation are found to act similarly on
the reversible parameters of MgB,. Contrary, the modifica-
tion of the pinning matrix is dominated by larger defects only
introduced by neutron irradiation. Both kinds of defects act
independently in irradiated doped MgB, single crystals. The
superconducting properties show the same dependence on
neutron fluence in doped and undoped crystals and the same
dependence on carbon content in unirradiated and irradiated
MgB,. No additional features are found by combining both
methods of influencing the superconducting parameters in
one sample.

The similar behavior of the reversible properties of MgB,,
such as the upper critical field and the transition temperature,
with increasing carbon substitution and neutron fluence is
rather unexpected, since the predicted influence of charge
doping should only occur in the case of carbon doping. Scat-
tering seems to be the dominant mechanism in both cases,
increasing the upper critical field and reducing the transition
temperature in both kinds of samples. We find evidence for
higher interband scattering rates in neutron irradiated
samples at low levels of disorder, leading to the same H, at
a smaller 7. At higher levels of disorder, further changes of
the reversible properties become nearly identical. This can be
caused either by an enhancement of interband scattering in
carbon doped samples or stronger interband scattering in ir-
radiated samples compensates a reduction in the DOS by
charge doping in the case of carbon substituted samples. The
presently available theoretical models are insufficient for a
complete and consistent explanation of the dependence of
the reversible parameters on the defect densities introduced
by doping and irradiation. Our results seem to justify further
theoretical work, e.g., by including the o band anisotropy in
the existing two-band model.

Introducing disorder in MgB, essentially influences the
irreversible properties by two counteracting mechanisms.
The changes in the reversible parameters mainly deteriorate
the pinning properties with increasing disorder, whereas at
the same time, the number of pinning centers grows, which
of course improves pinning. Carbon doping introduces only
small pinning centers. Therefore, the negative effects coming
from the reversible properties dominate at all doping levels.
Neutron irradiation induces much larger (i.e., more efficient)
pinning centers, which results in a strong enhancement of the
irreversible properties at intermediate defect densities and at
low fields and in the emergence of a pronounced fishtail
effect at higher fields indicating an order-disorder transition
of the flux-line lattice. At high defect density, the impact of
the reversible parameters begins to dominate and J,. signifi-
cantly decreases. In neutron irradiated doped samples, the
pinning matrix is also dominated by the efficient radiation-
induced defects, which enhance the irreversible properties
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with respect to the unirradiated doped sample similarly as in
undoped samples, but the combined influence of doping and
irradiation on the reversible properties leads to a J,. value at
low fields, which remains significantly lower than in un-
doped samples at the same fluence.
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