University of Wollongong

Research Online

Faculty of Engineering and Information

Faculty of Engineering - Papers (Archive) Sciences

2003

Superconductivity, critical current density, and flux pinning in
MgB2-x(SiC)x/2 superconductor after SiC nanoparticle doping

S X. Dou
University of Wollongong, shi@uow.edu.au

A. V. Pan
University of Wollongong, pan@uow.edu.au

S. Zhou
University of Wollongong

M. lonescu
University of Wollongong, mionescu@uow.edu.au

Xiaolin Wang
University of Wollongong, xiaolin@uow.edu.au

See next page for additional authors

Follow this and additional works at: https://ro.uow.edu.au/engpapers

b Part of the Engineering Commons
https://ro.uow.edu.au/engpapers/90

Recommended Citation

Dou, S X.; Pan, A. V,; Zhou, S.; lonescu, M.; Wang, Xiaolin; Horvat, J.; Liu, Hua-Kun; and Munroe, P. R.:
Superconductivity, critical current density, and flux pinning in MgB2-x(SiC)x/2 superconductor after SiC
nanoparticle doping 2003.

https://ro.uow.edu.au/engpapers/90

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/engpapers
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/eis
https://ro.uow.edu.au/engpapers?utm_source=ro.uow.edu.au%2Fengpapers%2F90&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Fengpapers%2F90&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors
S X.Dou, A. V. Pan, S. Zhou, M. lonescu, Xiaolin Wang, J. Horvat, Hua-Kun Liu, and P. R. Munroe

This journal article is available at Research Online: https://ro.uow.edu.au/engpapers/90


https://ro.uow.edu.au/engpapers/90

JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 3 1 AUGUST 2003

Superconductivity, critical current density, and flux pinning
in MgB ,_,(SiC),,, superconductor after SiC nanoparticle doping

S. X. Dou, A. V. Pan, S. Zhou, M. lonescu, X. L. Wang, J. Horvat, and H. K. Liu
Institute for Superconducting and Electronic Materials, University of Wollongong, Wollongong,
Northfields Avenue, NSW 2522, Australia

P. R. Munroe
Electron Microscopy Unit, University of New South Wales, Sydney, NSW 2052, Australia

(Received 25 November 2002; accepted for publication 29 April 2003

We investigated the effect of SiC nanoparticle doping on the crystal lattice structure, critical
temperaturel ., critical current densityl., and flux pinning in MgB superconductor. A series of
MgB,_,(SiC),,, samples withx=0-1.0 were fabricated using an situ reaction process. The
contraction of the lattice and depressionTqf with increasing SiC doping level remained rather
small most likely due to the counterbalancing effect of Si and C co-doping. The high level Si and
C co-doping allowed the creation of intragrain defects and highly dispersed nanoinclusions within
the grains which can act as effective pinning centers for vortices, imprayingehavior as a
function of the applied magnetic field. The enhanced pinning is mainly attributable to the
substitution-induced defects and local structure fluctuations within grains. A pinning mechanism is
proposed to account for different contributions of different defects in MgBSIC)y
superconductors. @003 American Institute of Physic§DOI: 10.1063/1.15864G7

I. INTRODUCTION sults for doping into MgB reported so far are largely limited
) _to addition rather than substitution of the doping elements.
Extensive research efforts have been made towards ikqgitives appeared to be ineffective for pinning enhance-
creasing the critical temperaturé ) in MgB, since super- ant at high temperaturd®:* However, if doping elements

conductivity in this compound was discoveredhe most 416 substituted into, instead added to MgBystals, pinning
commonly used procedures are high pressure treatment ar&gj

| o . . . operties can be much improved by induction of a net of
gement substitutions as sgmmarlzed In a recent review afﬁtragranular defects due to crystal lattice distortions and lo-
ticle by Buzea and Yamashifa

. nd references therein. _It 4P~ cal fluctuations of the superconducting order parameter. Both
pears that all element substitutions cause crystal lattice conn strongly contribute to pinning. Indeed, pinning reinforce-

tr_act_n_)n and reducedr. The_ elemer_1ts which do not ment research in MgBhas to be focused on intragranular
significantly reducel . are Zn, Si, and Li. However, all ele- .~ . . T :
pinning, as the weak-link problem is insignificant for this

ment substitutions reported so far are limited to single ele: aterial®9unlike for hiah-T. svstems. Therefore. it is nec-
ment doping. Because of the rigid lattice structure and smafl ’ . gn-1c Sy ’ o .
number of elements in the MgBcompound the level of essary to hqve a h'gh. dop!ngllevel. and multlelement. substi-
substitution is substantially restricted, otherwigewould be tutlon,tprel?tlr}g deffe(:jctlfve IE)/lmnmt% st)es but Inot Igwerng
strongly depressed. Furthermore, the majority of studies oﬁi_rama ically. Indeed, for MgB the boron plane is respon-

substitution were carried out to replace Mg with exception OfS|bIe for superconductivity, so that it is desirable for substi-
recent work on O(Refs. 3, 4 and Si(Ref. 5 substitutions tution to take place in B positions, which would induce local
aimed at replacing B. ’ fluctuations of the superconducting order parameter.

Another important goal of substitution is enhancement [N our previous WO”gjo we doped MgB with SiC nano-
of pinning in MgB,. In spite of impressive progress on im- Particle powder, producing MgRSiC), compound where
proving the critical current densityd() (Refs. 6—12at tem- ~ X=0-0.34. It was found that the added SiC wissolved
peratures above 20 K, which is considered to be the benctWithin the crystal lattice; that Si and C co-substitution re-
mark operating temperature for this materid}, rapidly ~ Sulted in a surprisingly modest reduction Bf (only 2.6 K
drops with increasing magnetic fieldj due to its poor for x=0.34), and that vortex pinning was significantly in-
pinning ability. If MgB, is to be useful in high fields, the flux Ccreased, dramatically improvink(H) behavior® However,
pinning strength must be improved. Attempts have beerfrom the doping procedure it was difficult to estimate the
made to enhance the flux pinning by oxygen alloying inlevel of substitution with increasing. Excessive secondary
MgB, thin films® and by proton irradiation of MgR phases also appeared as 10 nm inclusions inside the,MgB
powder'* which led to an encouraging improvement of both grains. It was not quite clear what was the predominating
irreversibility field (H;,) and J.(H). The question is factor for the enhanced pinning: the substitution or the inclu-
whether one can introduce effective pinning centers intcsions. In this detailed work, we report not only the influence
MgB, by chemical doping. Numerous attempts have beemf SiC co-substitution for B in the form of MgB ,(SiC),,,,
made to improve flux pinning using this procedure. The re-with x varying from 0 to 1, on different aspects of supercon-

0021-8979/2003/94(3)/1850/7/$20.00 1850 © 2003 American Institute of Physics

Downloaded 19 Jun 2006 to 130.130.37.6. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Dou et al. 1851

ductivity in the material, but also show that the substitution MgB, (SiO),, . * MgB,
is primarily responsible for the improved.(H) perfor- o MgO
mance, whereas impuriti€sclusions play an assisting role, - J . .. . XMgSi
apparently making a considerable contribution to the pinning x=0.0 A= ~—VMgB,
of vortices at relatively low fields. - A k o, e e

In the next section we describe the sample preparatiorg x=0.04 = ~
procedure and experimental details. In Sec. Ill, we show the; 1 Lk Y -
effect of substitution on MgBcrystal lattice contraction and = x=01 « J
phase compositiofSec. 11l A); in Sec. Il B we discuss rea- 5 [|=02 — ~ : Y X‘: —
sons for the small critical temperature degradation for reIa—E ;‘:g:g . N
tively high SiC-doping level, and show that, degradation x=0.65 —I~ A i ~ -
due to the substitution is similar to the effect of hydrostatic x=0.8 f JA_X ~ A
pressure applied to MgB in Sec. 11l C we mainly deal with R oVAA_X XX i_°
critical current density behavior as a function of the applied 0 2 3 4 50 & 70 8 %
field and temperature, providing evidence for the improved 20 (Deg.)

performance as a result of the SiC doping procedure. We also

propose a quantitative pinning mechanism to account for theélG. 1. X-ray diffraction patterns for all the measured MgR(SiC),,
J.(H) behavior. In the last section we summarize the result§2mPles.

obtained and our conclusions.

lll. RESULTS AND DISCUSSION
A. Structural change of MgB , due to substitution

Figure 1 shows x-ray diffraction patterns for the series of
Il EXPERIMENT MgB,_(SiC),,, samples wherg=0-1.0. For the in-phase
reflection which occurs betweend233° and 2= 234° in-
MgB, samples were prepared by an in-situ reactiongexed as(100), the centroid of the peak clearly shifts to
which has been previously described in detalowders of  higher 29 values with increasing, indicating a contraction
magnesium(99%) and amorphous boro(®9%) were well  of the a-axis of the crystal lattice. For th@02) reflection
mixed with powder of SiC nanoparticles, varying from 10 peak, which occurs betweerg2 51° and =52°, the shift
nm to 100 nm in size, with an atomic ratio of to higher @ values with increasing is relatively small. The
MgB,_(SiC)y2, wherex=0, 0.04, 0.1, 0.2, 0.3, 0.5, 0.65, change of the lattice parametess,and ¢ of the hexagonal
0.8, and 1.0. The mixed powders were packed into Fe tubeq|B,-type structure of MgB were calculated using the peak
The composite tubes were groove-rolled, sealed in a Fe tubghifts shown in Fig. 2.
and then directly heated in a furnace preset to 950 °C, for At lower doping level k<0.1), the sample consists of a
1 hiin flowing high purity Ar. This was followed by quench- major phase with the MgBstructure. Atx=0.1 minority
ing to liquid nitrogen temperature. phase MgSi and trace amount of MgO were identified. The
X-ray-powder diffraction (XRD) measurements were amount of these nonsuperconducting phases was increased
performed on undoped and SiC-doped samples. The x-rayith increasing SiC doping level. At=0.1-0.2, the minor-
scans were recorded using Gu=1.5418 A, and indexed ity phase MgSi occupied about a 10% volume fraction. This
within the space grouP6/mmm Microstructure and micro-  minority phase increased to about a 30% volume fraction for
composition were characterized using a scanning electrop.3<x=0.5. Atx=0.65, the amount of nonsuperconducting
microscope(SEM) and a transmission electron microscopephasesalready exceededlgB,. At x=1.0, the reflection
(TEM) equipped with an energy dispersive x-ray spectros-
copy analyzefEDS) and mapping analysis. The magnetiza-

tion as a function of temperatuf® and magnetic fieldH ' ' ' ' '

applied along the longest sample dimension was measure 55| 13525

using Quantum Design Magnetic Property and Physical 'y /§\| 3

Property Measurement Systems within the field ratde —¢ \§_§ 13500

<9 T, and within the temperature range of SK<30 K. A . 3080F t\. . jad
. . . . bl —&—a, MgB_ (SiC)

magneticJ, was derived from the half-width of magnetiza- ™ —o—c, MgB, (SC),, kA

tion loops AM=(|M*|+|M~)/2 (MT and M~ are de- 3.075 - —*—a, MgB, C, (fom Ref. [3)) 1 3515

scending and ascending branches of the magnetization looy .

respe:\ctlvely, using the following critical state.model for- 3070k \i/i 43.510

mula: J.=k10AM/d, where k=12w/(3w—d) is a geo- L . . . .

metrical factor, withd and w being sample thickness and 0.0 0.2 0.4 0.6 0.8

width, respectively. All the samples were of a similar rectan- X

gl'”ar Shape and_ ,S;,Ize' Becaus_e of the strong thermo-magneEFG. 2. Lattice parametems andc as a function of the nominal SiC content
flux-jump instabilities the low field could not be measured y ror comparison, the variation of theaxis for the single element C
atT=10 K. substitution for B taken from Ref. 3 is also shown.
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peaks(100) and (002 for the MgB, structure disappeared,
and the sample consists of multiphases which can no longer
be indexed as the MgBstructure(Fig. 1).

Both crystal lattice axes are sharply reduced at low dop-
ing levels x=<0.04 (Fig. 2), nevertheless the sample over-
whelmingly remained single phad€ig. 1). After a sharp
contraction, the-axis continues to moderately decrease with
increasing doping level until the nominal compositian
=0.65 is reached. At the same time, thxaxis remains al-
most constant. The negligibteaxis variations are within the
experimental error. These results suggest that at a low doping
level the SiC-dopant is to a large extent dissolved in the
MgB, crystal lattice. As the doping level increases the sub-
stitution effect slows down, but it can still be quite effective
up tox=0.5, where the-axis change reaches a quasiplateau
(Fig. 2). Furthermore, the slow variation in tleeaxis with
increasing SiC doping level most probably indicates that B
was substituted by C and Si. In comparison, pure C substi-
tution for B resulted in a reduction of theeaxis from 3.085

T -

to 3.070 A atx=0.065(Ref. 3 (Fig. 2), while the co-doping 0.0 05 1|.0 1i5 2|,0 25
of Si and C into the B site reached a similar levelaséxis
reduction at the nominal compositiot=0.65. This is an Energy (KeV)

order of magnitude higher than for the single C dopiRiy. .
2) It is clear th.at the Si an.d C substitLrtion raised the Satura)Z:O.S (b) samples. Note the coexistence of Si, C, B, and Mg within each
tion level considerably. This is probably due to the fact tha'tidividual grain. A small Cu-peak irfb) appeared due to the background
the average atomic radius of 0©.91 A) and Si(1.46 A signal from the sample holder.

closely matches that of BL.17 A). Therefore, this co-doping

counterbalanced the negative effect of the single element

doping® The formation of MgSi phase could not consume thin films® Secondly, the oxygen peak may be attributable
all of the Si, because the crystal lattice would then show 40 the presence of MgO nanosize inclusions formed within
similar contraction to the one obtained for the single elementhe grains.

C-doping (see Fig. 2 accompanied by a strong decrease of

T..2 This was not observed in our experimefsee Sec. B. Effect of SiC-doping on T,

lB).

H o set
The simultaneous incorporation of C and Si into the lat- . Figure 4 fsh(;wsdthe_ onsiet Olf crltlca:)tempgr?)ﬁﬁ@ asf_ .
tice structure is also supported by energy dispersive x-rag function of the doping level, as obtained by zero-fie
cooled magnetizatio™M measurements atl =25 Oe. The

spectroscopy analysis on single grains of MgBhe analy- X . "
sis clearly shows that Si and C coexist with Mg and B withinM(T) behavior, as well as the increase of the transition

the same grairiFig. 3. Moreover, the (St C)/B ratio ob- width with increasing doping level, is similar to that exhib-
tained for samples having different doping levels quantita-ItGd in our preceding work The onset was defined at sus-
tively correlates with the corresponding nominal doping
level of the sample. However, we observed local variations

IG. 3. The EDS analysis results taken on single graing=00.2 (a) and

of the signal intensity for C and Si across each analyzed 390r .\ 1
grain, suggesting very local variations in the substitution ;= 385} *. .
level and making a qualitative assessment impossible. This i€ = 3go[ \. ]
in contrast to Mg and B, which appear to be rather uniformly T) - \ \.\ i
distributed across each analyzed grain. In Fig. 3, we presen & "I % 0\ e ]
the spectral analysis for two samples haviyg0.2 (a) and ‘5 37.0 i @ \ ]
x=0.5 (b). Note that the B-peak intensity became compa- 8, 3651 e |
rable to the intensities of Si- and C-peaks for the higher QE) 36.0 | * ]
doping level samplé¢Fig. 3(b)], pointing out that Siand C = e MgB_(5i0) 1
replace B within the MgB grains. 5 351 —+—MgB, (C) (fomRef.(3) |

The spectral analysis clearly shows an O peak within the}g 35.0 i * - 1
MgB, grains (Fig. 3. The oxygen itself could be brought © 345 I T N - !
into the material by SiC dopant which can absorb oxygen 0.0 0.2 0.4 0.6 0.8
and moisture during storage. There are two reasons why a.. X

oxygen peak appears in the EDS spectrum within the 9raiNS s 4. The critical temperature onsg2™*'vs the doping level for all the

Fir_Stv it might be due to oxygen aIonin_g i_n b(_)ron layers, measured samples. For comparis®pfor the single element doping taken
which was reported to result in strong pinning in the MgB from Ref. 3 is also shown.
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S 00| T T T " | higher T, tolerance to MgB structural changes induced by
= | / | SiC doping. It is evident that the co-doping counterbalanced
g 385| ® | the negative effect ofi; of the single element doping.
[ I / ] As widely discussed in the literature, there are two fac-
e 30l .x' | tors that influencd .. : lattice structure change and electronic
«g I / ] structure chang®From pressure experiments, it was found
) 375] /0 ] that T, decreases almost linearly with decreasing lattice vol-
g* I - e ] ume(see the review papémand references thergirAs far as
8 370k \./ i the lattice volume change is concerned, the C substitution for
§ I \\ ] B would cause contraction of the crystal lattice and, hence,
jg 3651 . @ i reduction of the unit cell volume; whereas the Si substitution
&) Sl P S S for B would lead to expansion of the lattice and increase of
28.7 28.8 28.9 29.0 29.1 the unit volume. Thus, it is plausible for MgBo accommo-
Volume (A3) date larger amounts of C and Si than in the case of the single

element doping. The larger level of substitution could bring
FIG. 5. The crystal lattice unit cell volume change™8*®'for the investi- forward an additionall . suppressing factor. The reduction
gated doping range. The dotted line is a linear fit to the data. may occur not only due to the lattice contraction, but also

due to alteration of the electron configuration with the dop-
sample, T2"*=38.98 K. For the doped sampleB"**' de- P ¢ y

. o : . Fig. 5. The resulting dependence is rather linear. Similar lin-
creases almost monotonically with increasing doping level.

Surprisingly, the degradation @"**'slows down, and likely ear dependencies have pezen obtained fpr pressure experi-
. ments on pure MgBmaterial? Therefore, this similarity en-
reaches a quasiplateau for= 0.5, whereas for samples hav-

ing x=1 the bulk superconductivity vanishes, at least in theables us to conclude that our co-substitution produces the

measured temperature range of §K<45 K. The total same effect ore as In t_he case of the pressure induced
onset . . volume decrease, indicating that the volufstructura) fac-
To - drop is only 2.4 K for the superconducting samples . . L .
: . . B ; . “tor plays the dominant role in affecting. in the Si and C
with an SiC doping level up tax=0.8 (nominal composi- co-doped MgB system
tion). In contrast,T; was depressed by alntosK in the case P 9% sy '
of pure C doping in MgB_,C, with x=0.2;> T, was re-
duced by about 0.5 K in the case of Si substitution in
MgB,_,Si, with x=0.052 The latter result, as well as our Figure 6 shows thd.(H) curves for selected samples at
preliminary experiments on Si-doping suggest that siliconT=5K (a), 10 K (b), 20 K (c), and 30 K(d). The most
substitution has also a stronger effect on the depressidgp of striking feature shown in this figure is thag(H)-curves for
compared to the case of the SiC-doping. samples with a wide range of doping cross the curve of the
These results may also support the idea of a counterbapure k=0) MgB, sample, exhibiting significantly higher
ance effect caused by C and Si co-substitution, producing theritical current densities at higher applied fields. This is con-

C. Effect of SiC-doping on  J. and pinning

A

n.“N\‘_’\
~ ~ -

J'\ ~ 0~

C

FIG. 6. Effect of SiC doping od.(H)
behavior of selected investigated
samples compared to the pure MgB
sample affT=5K (a), 10 K (b), 20 K
(c), and 30 K(d).

Critical current density J A/cm’

ofT=300k N
106005 10 15

Applied magnetic field H (T)
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sistent with our first report on MgRSiC), samples? The
behavior is valid for the samples having the doping range of
0.1=x=0.65, howeved.(H)-curves in Fig. 6 are not shown
for all measured samples for clarity. For example, samples ir
the doping range of 02x=<0.3 show almost indistinguish-
able J.(H)-behavior. It is important further to note at least
two more interesting features revealed by our studyThe
sample having=0.65, showed a relatively goad(H) per-
formance in high fields and@ <30 K (Fig. 6), but what is
striking that it has at least a 50% volume fractionnainsu-
perconducting phaseccording to the XRD results shown in
Fig. 1.(ii) At low doping levelsx<0.1 theJ.(H) behavior is
surprisingly not only worse than that for the pure sample, but
also for the higher doping level samples (€4<0.8). Be-
low, we shall discuss possible reasons fordp@H) behavior
shown in Fig. 6 and indicate possible pinning mechanisms
responsible for this behavior. 50 nm

First, for our samples we rule out the densification effect
reported in the literatufé'® for different doping materials, ;
which leads to d; increase in rather low fields and tempera-
tures. This would mean that, instead of introducing pinning
into MgB,, doping would help increase the density of the |
material, which would increase the effective cross-sectional
area for supercurrent transport and reduce its percolative
flow. In contrast to Refs. 15 and 16, but similarly to the work . .
on Y,0; nanoparticle doping’ SiC doping showed no den- (b) o
sification effect as evidenced by the fact that the density of
our samples is independen_t qf the doping level and equal tg,; 7 tem images of tha=0.2 (a, b andx=0.5 (c) samples. A high
approximately 1.2 g/cf This is less than 50% of the theo- disiocation density within grains is shown {m). Dislocations and round
retical density for this material, 2.63 g/&mThis lack of shape inclusions are present within each gtBjnThe number of inclusions
densification is probably because the melting temperature (fcreases with the doping levét). The solid and dotted arrows mark dis-

I . : . . .. locations and inclusions, respectively.

SiC is very high, and SiC would not act as a sintering aid in
the temperature range of 800—950°C. Thus, densification
can not be claimed responsible for the improvk@H) be-
havior at high fields in our doped samples. dislocations’® which can hardly provide strong pinning in

In order to describe the origin of the pinning enhance-high fields. Therefore, the high density of the dislocations
ment which is responsible for the observ&gH) behavior, induced by the substitution and revealed by TEM is a strong
it is necessary to recognize the unique features of SiC dopingtragranular source of pinning. The dislocation size is esti-
emphasized in the previous sections. It primarily takes placenated to vary from 5 nm to 30 nm which, on average, is
in the form of substitution, but addition takes place as welllarger only by a factor of about 2 than the coherence leggth
especially at higher doping levels while in works reported inin MgB, superconductor?* This makes them perfect pin-
the literaturd—>1>-'most element doping was in the form of ning sites, because each vortex line has the diameter of the
additives, thus either not incorporated into the crystal latticenormal core of Z(T).
or incorporated to a lesser extent than in our work. This  Another contributing source of pinning, as in the case of
indicates thatl, is very sensitive to the way impurities are Y,0; doping?’ is nonsuperconducting nanosize precipitates,
introduced. A question arises, what kind of implications doeghe amount of which grows with increasing doping level, as
substitutionhave on the pinning properties of the material? evident by the XRD patterngig. 1). Indeed, the TEM study

As already shown in Fig. 2, substitution causes the crysshows 2 nm to 10 nm large round shaped particles, presum-
tal lattice parameters to contract inducing local lattice straingbly Mg, Si, existing within each MgBgrain[Figs. 1b) and
in the MgB, crystal framework. This would create not only 7(c)]. Note that the inclusions are on average one order of
local fluctuations of the superconducting order parametemagnitude smaller than the SiC-particles initially added, in-
but also cause the appearance of a number of crystal defectficating that the SiC is absolutely dissolved in the MgB
Indeed, our transmission electron microsc@gp¥M) inves-  “solvent.” Moreover, the amount of these inclusions in-
tigations clearly show a large number of dislocations withincreases with increasing doping level, in particular after
each MgB grain [Fig. 7(a)], which are similar to those =0.2. At lower doping, fewer inclusion particles are ob-
shown in our previous repoff. Dislocations are known to served. The optimal.(H) dependence is reached for the
serve as strong pinning centéf<The very limited structural  sample withx=0.3 (Fig. 6) when the volume fraction of the
study of the MgB superconductor available in the literature nonsuperconducting impurity M&i content was about 30%
has indicated that pure MgBhas only very few atomic-scale (Fig. 1). A further x-increase starts to worsen tg(H) be-
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[

havior, and, at the same time, theaxis of the crystal lattice
parameter exhibits a quasiplateau within the experimentai
error (Fig. 2. This correlation indicates that the optimal \'}5
J.(H) behavior is reached when the substitution effect hasT
reached saturation. Presumably, this is because at this sta¢S

FE UV e NN NosNole)
E./.I E
\
\
\
!
I
/
"é’
/

o
. . . . . o —a—5K
the maximum quantity of dislocations and a rather high level:S I e 10K
of inclusions coexist, balanced with a reasonable amount O'Q —A—20K A
superconducting phase. Further B replacement leads to th-_%‘ 3r —*¥—30K

1

gradual elimination of the superconducting phase and, hencez
worsening ofJ.(H) performance. The above arguments, to-
gether with the fact that inclusions aldéad a less pro-

nounced effect than in our case, lead to a conclusion that a

2t *. */ \*

Irrever

. . o . . *
high fields substitution, inducing a strongly developed net of L . L L L . L
dislocations, is the dominating source of the pinning in the 0.0 0.2 0.4 0.6 0.8
material, which is possibly aided by localized superconduct- X
ing order parameter fluctuations. FIG. 8. The irreversibility field as a function effor different temperatures.

Furthermore, the point-like round-shaped inclusions seent lower temperature§ <10 K, H, for the samples within the 0<ix
in Figs. 7b) and 7c) can be effective only at extremely high <0-3 doping range is increased beyond the field range accessible by our
density of the inclusions and at rather high temperature<!'€asUning equipment. Note the logarithmic scaléigf.
since their pinning ability is of a “collective” nature due to
their pOint'Iike action and because vortex lines have to b%upercurrent paﬂﬁor examp|e due to a h|gher level of po-
rather soft to be pinned by these defects. This also means thasity) leading to the pood.(H) behavior observed.
pinning by these defects would be weakened in high fields
where the vortex—vortex interaction is very strong, making)\y. CONCLUSION
the vortex lattice more rigid, so that the point-like defects

become ineffective. In contrast, the pinning ability of the . - . : .
P g y atomic substitutions of both Si and C in the crystal lattice of

dislocations(extended defectsn increasing field is not ex- e .
pected to become less pronounced, since extended Iengthsﬂc}F3 MgB, superconductor, as indirectly evidenced by a com-

. . . ) - bination of numerous structural and magnetic experiments.
vortices can be trapped in randomly oriented dislocation

o e . SThis co-substitution was likely to be enabled due to the
This is an additional argumentation to favor the role of the . .
dislocati H their binning f | d ._counterbalanced atomic size of Si and C, on average nearly
dislocations. However, Ieir pinning force also TeauCes 1N, iy qiging with the sizes of B. Substitution was shown to
increasing temperature because their pinning efficienc

) revail up to the rather high doping leva&k=0.3 in the
would be influenced by the temperature dependent coheren 9B, .(SiC),, composition. At higher doping levels the

length. The higher the tempe.rat.ure, the Ionger_the co_here_n%ping results in impurities, which eventually suppress the
length, and the weaker the pinning, since the dislocation sizg, i syperconductivity. The substitution was shown to very
remains unchanged. This temperature behavior is seen in ﬂé?rongly improveJ.(H) dependence at high applied fields.
experiment: the lower the temperature, the better the perfofpe have suggested a pinning mechanism explaining this im-
mance of the high-field part ai.(H) for the best doping  provement, in which the main intragranular ingredients are
performance (04&x=0.3), which is compared to the behav- the dominating contribution of a large number of dislocations
ior of the nondoped samplgig. 6). The same trend can be nduced by substitution effects and the secondary contribu-
found in Fig. 8 in which the available irreversibility fields as tijon of the nanoinclusions.
a function of doping level are plotted for all the samples.  After the submission of this manuscript, we verified our
Unfortunately, the upper field limitation in our experimental results by preparing and characterizing a similar set of SiC-
technigues did not allow us to measiitg, for some samples doped samples through a slightly different preparation
at T<10 K, since theH;, increase for the samples having method. This preparation method led to even more signifi-
doping levels within 0.£x=<0.3 was too large. cant enhancement df(H) than that presented in this work.

A puzzling situation is imposed by the lowest doping These results are reported elsewt@re.
level sample having=0.04. It showsl.(H) behavior which
is worse than most of the other samples except the one witACKNOWLEDGMENTS
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