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The effect of nanoscale-SiC doping of MgBvas investigated in comparison with undoped,
clean-limit, and Mg-vapor-exposed samples using transport and magnetic measurements. It was
found that there are two distinguishable but related mechanisms that control the critical
current-density-fieldl.(H) behavior: increase of upper critical fiekd, and improvement of flux
pinning. There is a clear correlation between the critical temperatythe resistivityp, the residual
resistivity ratio RRR=R(300 K)/R(40 K), the irreversibility fieldH*, and the alloying state in the
samples. Thél, is about the same within the measured field range for both the Mg-vapor-treated
and the SiC-doped samples. However, théH) for the latter is higher than the former in a
high-field regime by an order of magnitude. Mg vapor treatment induced intrinsic scattering and
contributed to an increase iH.,. SiC doping, on the other hand, introduced many nanoscale
precipitates and disorder at B and Mg sites, provoking an increagg46fK) from 1 u{) cm
(RRR=15 for the clean-limit sample to 30Q€) cm (RRR=1.75 for the SiC-doped sample,
leading to significant enhancement of batk, and H* with only a minor effect onT,. Electron
energy-loss spectroscope and transmission electron microscope analysis revealed impurity phases:
Mg,Si, MgO, MgB,, BO,, SiB,O,, and BC at a scale below 10 nm and an extensive domain
structure of 2—4-nm domains in the doped sample, which serve as strong pinning cer2é®4 ©
American Institute of Physic§DOI: 10.1063/1.1814415

INTRODUCTION Recently, using high-field transport measurements,
Gurevichet al. have reported the achievement of record-high
The critical current density. in MgB, has been a cen- upper critical fieldsH, for high-resistivity films and untex-
tral topic for extensive research efforts since superconductivtured bulk polycrystald. They found that enhancements to
ity in this compound was discoverédd number of tech-  the resistivity have a strong influence bi,. The observed
niques have been developed and employed to imprové.the remarkableH,, enhancement to almost 50 T is a conse-
performance in magnetic fields. By using nanoparticle SiCquence of the two-gap superconductivity of I\/Lg’Bwhich
doping of MgB,, we have achieved & enhancement in high  offers special opportunities for furthet, increase by tuning
fields of more than one order of magnitude, with only athe impurity scattering. Nanoscale-SiC doping introduces a
slight reduction irT..” It was proposed that a high density of |arge degree of alloying and greatly raises resistivity, t0o.
nanoinclusions and a pOSSib|e substitution of SiC for B inThUS, we expected that transport measurements on SiC-
MgB, was responsible for enhancing(H) over a wide goped samples would provide additional useful information

range of temperatures. for understanding the pinning mechanisms &hg behavior

of alloyed MgB,. In this paper, we report on such transport
¥Electronic mail: shidou@uow.edu.au and magnetic measurement evaluations in combination with
0021-8979/2004/96(12)/7549/7/$22.00 7549 © 2004 American Institute of Physics
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transmission electron microscofEEM) observations on the 100

nanoscale-SiC-doped MgBA set of four samples ranging

from the clean limit to very dirty state have wild variation of =

normal-state resistivity from 1 to 300Q2 cm and signifi- )

cantly different electromagnetic properties which allow us to c;fO i
Q.

I (a) undoped t

understand the mechanisms behind the enhancement of
Je(H).

TNy

o 15 20 25 30
MgB, pellet samples were prepared by iansitu reac- T (K)

tion method, described in detail previou%ly?owders of
magnesium(99%) and amorphous boro®9%) were well L (5) 10% SIC doped
mixed with SiC nanoparticle powdésize: 10—100 nmwith 300 | '
the atomic ratio of MgB and with 10 wt %(sample B and ’g I
0 wt % (sample A SiC addition. Pellets 10 mm in diameter o
and 2 mm in thickness made under a uniaxial pressure were (o]

=

(=%

EXPERIMENTAL DETAILS 0

sealed in an Fe tube and then heated at 800 °C for 30 min in
flowing high-purity Ar, followed by furnace cooling to room
temperature. These two Wollongong samples were compared
to two Madison samples, one being the clean lieample
C) and the second being the same sample exposed to Mg
vapor(sample D, as described in detail elsewhére.

The resistivity versus temperature curve&]), were  FIG. 1. The resistivity vs temperature in fields up to 9 T for the undaped
measured in magnetic fields up to 9 T by a four-probeand SiC-dopedb) samples.
method at a current density of about 1 A/cosing a 9-T
Physical Property Measurement SystéQuantum Design
From the resistivity curves, we defined the upper critical
field as R(H.)=0.9R(T,). Magnetization was measured
from 5 to 30 K using an Oxford 14-T vibrating sample
magnetometeVSM). Bar-shaped samples of about the

same size were cut from the as-sintered pellets to m'n'm'zﬁnportant point is that the nominal resistivities of the two

size-dependent effec?s!\/lagnetlc\]C values were determined samples are very differens(40 K) being 900 cm for the

from t_h.e magnetization hystergs_|s loops using the ap.pr.Op”Ondoped sample and 3Q) cm for the doped sample. We
ate critical state modélAn empirical magnetic irreversibil-

. . . . . consider that the 90% transition approximal&s. Figure 2
ity line, Hy, , was defined as the field at which falls to y PP g

100 A/cnt ® High lution t S lect . also includes the same data taken on the clean-limit

cnr. '? -re(:js?u 'ﬁn ra}[ns_mls;l]on eechroln mlcr]:);; p(40 K)=1 uQ) cm] and Mg-exposed samplé¢p(40 K)
copy was empioyed to characterize thé morphology o =18 u{) cm] of Braccini et al’ It is interesting to note that
samples. Electron energy-loss spectros?:ajEELS) was ob-

. . , . . the Mg-exposed sample has the highelss, then the SiC
tained using a JEOL-3000F field-emission scanning transaoped’ undoped, and the clean limit. Figure 3 shows a typical

mission electron microscope TEM, equipped with a SChOttkyexampIe of the halM—H loop at 20 K for the undoped

field-emission source operated at 300 keV. sample(A) and 10% SiC-doped-MgBsample(B). It is clear
that the closing field of théVl—H loop for the sample B is

L 9T 87 654 3 2 1050T
0 Sesatssaiaisissedodeididsod el immimimbutenid 1

15

25_ 30 40
T(K)

the doped sample in self-field showed a special feature of
two-step transition. This is due to the inhomogeneity of this
sample because the 10% SiC addition resulted in a number
of impurity phases coexisting with MgB This will be fur-

ther confirmed in EELS analyses in a later section. A further

RESULTS
Figure 1 shows the resistivity curvgg,T), up to 9 T for 10
the undopeda) and the SiC-dopetb) samples. The onsét L
of the undoped sample was 37.5 K. For the 10 wt % SiC- 8 |
doped sampleT,, decreased only by 0.6 K. By contrast, is L
depressed to about 22 K for C-doped MgBith a nominal =6r
stoichiometry of Md@Bg¢Cp2), Synthesized from Mg and 34 E-l—clean(C)
B4C.8 This indicates that the proportion of C added SiC to e g heated (D)
substitute for B in the lattice is small compared to the pure C 2 | --undoped (1)
substitution case. The majority of SiC ends up with various p ~#-SiC doped (B)
impurity phases at nanoscale, as evidenced by the EELS e —
analyses. It is noted that thT) curves for the doped 15 20 25 30 40
sample shifted with increasing field much more slowly than T(K)

the undqped one, as is shown epr|C|tIy n F.Ig'_ 2, wher_e_ th IG. 2. The 90% of the resistive transitiqupper critical field as a function
Hc, obtained from the 90% values of the resistive transitionsyf the temperature for the undoped), the 10 wt% SiC-dopedB), the

from Fig. 1 are shown. It is also noted that {(@) curve for  clean-limit,(C) and the Mg-vapor-treate@) samples.
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FIG. 3. The M-H loop at 20 K for the undoped sampfe) and the SiC- T (K)

doped sampl¢B). )
FIG. 5. The irreversibility fieldH,, vs temperature for the samples A, B, C,

and D.
2 T higher than that for the sample A. The magnétitor all

the samples was calculated from the-H loops at 4.2, 10,  gic_doped sample reached 7.4 T, compared to 5.6 T for the
20, and 30 K. Figure 4 shows the magnelicvs H for the \,,qqhed one, 5.2 T for the Mg-vapor-treated one, and 3.8 T
four samples at 4.2 and 20 K. Consistent with its higHgy, for the clean-limit one at 20 K.
the doped sample shows a smaller dependendgai mag- The TEM examination revealed that there are a number
netic field at all temperatures. At 4.2 K and low field, EOth of impurity phases in the form of nanometer-size inclusions
the SiC-doped and undoped samples attain abouAI6M®  jnside and in between grains in the nano-SiC-doped sample.
while falling to 100 A/cnf at 7.4 and 5.6 T at 20 K, respec- These impurities include MGi, MgB,, and MgO detected
tively. TheJq values for the WoIIongong. sampléa and B) by x-ray diffraction (XRD) analysié‘lo and unreacted SiC,
are much higher than for the MO Madison samm@sarjd amorphous BQ SiB,0, and BC detected by using the
D). At 20K, the 10wt% SiC-doped sample achievedgg) g technique. TEM images show that the grain size of
10° A_/cm2 at 3T, comparable to that of state-of-the-art\;op is smaller than 100 nm. Energy dispersive x-ray
Ag/Bi-2223 tapes, and an order OJ magnitude higher thangpy) analysis shows that the Mg:Si ratio is identical across
recent state-of-the-art Fe/Mgiapes. These results signifi- o entire sample, indicating that the phase distribution is
cantly strengthen the position of MgEas a competitor for  1oha1ly homogeneous. However, the nanoscale impurity
both low- and high-temperature superconductors. phases MgB and MgO are present within the grains. The
The irreversibility fieldgH,, ), derived from the fields at ,.ccence of oxygen within grains is consistent with the re-
which the magnetic hysteresis loops obtained with the VSM 15 obtained from the above-mentioned 220-cm thin
m@cat_e that‘?c.: 100 A/cm’-, are §hown in Fig. 5. Doping  fiim with strong pinning, where the ratio of Mg:B:O reached
with SiC significantly improvedd,, . Here, in contrast tP the 1 0:0.9:071 Figure 6 is a TEM image showing some unre-
Heo, we note that the SiC-doped sample has the Bgstal  5cteq Sic particles and a corresponding lattice image. The
all temperatures while the Mg-exposed sampletigseven g\ g analysigconvergence anglr)=13 mrad and collec-
lower than the undoped at high temperatures buE CrOSSes OVELL angle(d,)=18 mrad shows that this particle is indeed
the undoped at low temperatures. For examplg, for the e sic without B or any other element in it. The EELS
analyses also show other phases present in the SiC-doped
sample. Figure (&) shows the EELS spectrum of thg BjO,
phase with no C. The fine structure of both Si and B suggests
that the phase is amorphous. Figu®)7s the EELS spec-
trum of the BC phase. Again, the fine structure of B suggests
that the phase is amorphous. The EELS of amorphousi8O
shown in Fig. 7c). These phases are often seen in the close
1004 . vicinity of MgB, grains in the sample.
2 4 6 8 10 12 14 Based on lattice-parameter changes and EDX analysis,
we suggested that C and Si might substitute into the lattice in
an earlier worlé However, in a recent work on SiC-doped
MgB,, single crystal grown under high pressui&0 kbaj
and high temperaturé1900—-1950 °¢ showed there was
only C substitution for B but no Si detected in the crystals.
The authors revealed that the C substitution for B was as
high as 16%, the highest level of substitution in all the
100 e SN C-doping studies so faf. There is a clear trend with respect
6 1 2 3 4 5 6 7 8 to C substitution in MgB in the literature datd>° The
Magnetic field (T) higher the sintering temperature is, the larger the proportion
FIG. 4. A compqrison ofl(H) for the undopedA), 10 wt % SiC-doped of C t.hat I.S substituted for B in M_gﬁ ASoWe used relatlvely.
(B), the clean-limit(C), and the Mg-vapor-treate@) samples at 4.2 Ka) ~ |OW Sintering temperatures, 800—-850 °C, the C substitution
and 20 K(b). for B is expected to be lower. Figurda is the Z-contrast

100000 ¢
10000 +

1000 ¢
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100000
10000 +

1000 +

Je (Aremd)
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FIG. 6. Conventional TEM image of an unreacted SiC partidie,high-
resolution TEM image of the bulk of the SiC particle, afl EELS spec-

trum clearly showing the Si L- and the C K-edge. FIG. 7. The EELS spectrum of amorphaiag Si,B,0,, (b) BC, and(c) BO,

detected in the SiC-doped MgB

image”‘19 for the nano-SiC-doped sample, which shows a

typical MgB, crystal in the[100] orientation.Z-contrast im- A close-up look at the atomic structure of the high-resolution
aging in scanning transmission electron microscopy modéattice image shows that only the Mg columns are visible
utilizes electrons scattered at high angie25 mrad to form  [Fig. 8b)], due to the small scattering amplitude of B. The
an incoherent image, with an image intensity that is proporEELS shows the typical fine structure for B in Mg® but
tional to the square of the average atomic nungber, ~Z?). no C signal can be detectg#ig. 8c)]. It should be noted
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FIG. 8. (a) The Z-contrast image of a typical MgBgrain in the[100]
orientation,(b) high-resolutionZ-contrast image of the bulk of the MgB
grain showing the Mg columns only, ard) EELS spectrum of the B K
edge from the MgB grain.
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from surface contamination, as the low signal-to-noise ratio
of the C core loss for such low concentrations makes it
nearly impossible to distinguish the near-edge fine structure.
Due to the large variety of phases present in the SiC-doped
sample, it is therefore possible that C substitution at a level
of 1%—-3%, which is believed to be quite reasonable in the
framework of the literature on C substitutidn** cannot be
readily identified, and more careful analysis is needed.

In addition to the high concentration of the nanoinclu-
sions, there were structural defects observed in the nano-SiC-
doped sample, as reported previOLfél'yF.he majority of nan-
odomains have a rectangular shape with a domain size of
about 2—4 nm. The domain boundaries trap numerous de-
fects to form nanodefect wells and release the strain caused
by the rotation of nanodomains, as reported byetial*

This nanodomain structure may be the result of a small pro-
portion of C substituted for B. In our recent work, we found
that C substitution indeed improved flux pinning while also
depressindl,. It was found that an optimal combination of
substitution and addition achieved the best enhancement of
flux pinning.22

DISCUSSION

In comparison to all other doping reported so far, the
special features of nanoscale-SiC doping into M@gan be
described as followd1) the extent of enhancement Jp(H)
is very large, by more than an order of magnitude above
certain fields,(2) the enhancement af,(H) extends to all
temperatures up td, in contrast to most of the other doping
studies, which only show that it is effective in enhancing
J.(H) at low temperatureg3) although the value ofi., for
the SiC-doped sample is not as high as for the Mg-vapor-
treated sample in the field range measuféd. 2), theJ.(H)
values for the SiC-doped sample are substantially higher
than those of the Mg-vapor-treated sample, in particular, at
higher temperature@-ig. 4). These special features of the
SiC-doped samples can be explained in terms of impurity
scattering in the framework of two-gap superconductivity
theor)? and the improvement of flux pinning.

Role of impurity scattering

Recently, Gurevich et al® reported a record-high
He, (0)=29 T for untextured sample C ardl,* (0)=34 T
and H.,' (00=49 T for a high-resistivity film [p(40 K)
=220 1) cm] using direct, high-field resistivity measure-
ments. In this study, a clean film with a low resistivity of
7 uQ cm at 40 K had ai,' of 29 T, in comparison to the
49 T of the 22Qu{) cm film. It seems likely that the SiC-
doped sample with the highest resistivity of 3@0 cm will
also have a very highi,.

To understand the significant enhancement Jpf at
higher fields for the nano-SiC doping, we measured the re-

here that light elements, such as C or B, can be detected Bistivity p and residual resistivity ratio RRR for samples A
concentrations down to 0.2% with a 10% accuracy in a maand B, as shown from the resistivity versus temperature

trix such as MgB. However, it is rather difficult to distin-

curves reported in Fig. 1. For comparison we list some lit-

guish a small C signal originating from within the lattice or erature data in Table I. The highest valuel-b*fM correlates
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TABLE |. Comparison ofT, resistivity, and irreversibility field data for samples A, B, C, D, and one literature
sample(pure sintered pellet made frotB).

Sample A: Sample B: Sample C: Sample D:

Undoped SiC doped Clean limit Mg vapor treated Pure bulk
T. (K) 37.2 36.5 39 36.9 40.2
p (uQcm) at 40 K 90 300 1 18 1
RRR 2.1 1.74 14.7 3 19.7
R(300 K)/R(40 K)
Hy' (20 K) (T) 5.6 7.4 3.9 5.2 3.8

well to the highest value of resistivity, both being found in Role of flux pinning

the SiC-doped sample for which tldgH) characteristics are It should be pointed out that the resistivity of sample B

best, too. (300 cm) is much larger than that of sample D
For the sample D, the Mg vapor treatment caused thgjg «Q cm), although sample D has highelg, than sample
increase in resistivity from L cm for the clean-limit B at least in the field region up to 9 T. In fact, the resistivity
sample C to 1§ cm for sample D. Because Mg vapor for the undoped sample A is already larger than sample D by
treatment will largely affect the Mg sites in the lattice, the a factor of 5, although thel,, for A is much lower than for
disorder in Mg sites will induceut-of planem-band scatter- D. The large difference in resistivity between the Wollon-
ing which will increase the resistivity andH,,/dT at low  gong samplegA and B) and the Madison sampl¢€ and D
temperatures and hence thg, at low temperatures. This is attributable to the different processing parameters tised.
was indeed confirmed later by the resistivity measurementSamples C and D were prepared at 950—-960 °C for 24 h in
in high field, which gave the value f, (0) as about 29 F. @ highly protected environmeritiosed in a Ta or Nb tube
Sample D in Table | was measured after aging for twoand then sealed in a quartz tybevhile samples A and B
months, during which time the resistivifydropped from its Were processed at 800 °C for only 30 min in a sealed Fe
original value of 18—540 cm at 40 K, whileT, also in- tube, which cannot prevent oxygen diffusion thro.ugh to the
creased from 36.9 to 37.7 K, due probably to relaxation ofS@MPIe. As a result, samples C and D are of high quality,
a quenched defect structure. As the Mg vapor treatment igave 'ar%e grains, and are free from |mpp_r|t|es, as indicated
unlikely to introduce impurities at grain boundaries, the in- y XRD," while sample A has more impurities such as MgO

. S . . which can be seen in the XRD patt@nﬁ.or sample B, the
crease in resistivity in this case can be considered to be tle\go Wt % SiC addition into the sample A resulted in a further
to the improvement oH.,. The improvement o, at low

) ) increase in the concentration of impurities through the reac-
temperatures leads to the improvemengifH) at low tem- tion of SiC with Mg and B, including MgSj BC, BQO,,
peratures, as shown from tidg versusH for sample D at  gigo | and unreacted SiC as identified by EELS and XRD.
4.2 K'in Fig. 4a). TheJ. of sample D is substantially larger The resistivity of samples A and B may be strongly affected
than that of the clean-limit sample C and also crosses ovely the extrinsic mechanisms, such as scattering on the grain
sample A in higher fields. boundaries or second phase inclusions, which do not contrib-
As for sample B, according to the two-gap superconducute to the enhancement f., but certainly increases the
tivity theory? the nano-SiC doping could lead to two differ- global resistivity.
ent scattering channels. First, the partial C substitution for B On the other hand, the additional impurities at nanoscale
sites causes disorder on the B sites which will result in indintroduced by SiC doping can serve as strong pinning centers
plane o scattering. The higheH,, at higher temperatures to improve flux pinning within a certain field region. This is
contributes to the enhancementXyH) at higher tempera- clearly demonstrated by the superigy-H performance of
tures for the SiC-doped sample. Second, the formation ofe SiC-doped sample B, as shown in Figs. 3 and 4. It is
nanodomain structures is due to the variation of Mg—B spacParticularly interesting to note that in Fig(h, the J for B
ing which in turn causes disorder at B and Mg sites. Thesd higher than for D by a factor of as large as 100 at 20 K and

nanodomains with a size of 2—3 nm are also well below the’ T €Ven th_ough theic, for D is.higher _thgn for B. This is
8-10-nm coherence length of MgBThese extensive nan- further confirmed by the higher irreversibility line for B than

odomain defects could result in strong in-plane and out—of-for D, as shown in Fig. 5. The potential pinning centers
g In-p introduced by SiC doping include inclusions, such as highly

plane scattering and contribute to the increase of resistivit)éIispersed MgSi BC, BQ, and SiBQ, which are all at a
andH, in a wide temperature regime. This accounts for thescale below 10 nm, match the coherence length very well

enhancement ol (H) in over a wide temperature range for 504 can act as strong pinning centers. Some large impurity
the SiC-doped sample. Recently, a record-Higgh (0) value  particles such as unreacted SiC, as shown in Kig), ould

of 37 T for bulk MgB, was achieved from transport mea- not be effective pinning centers but act to reduce the super-
surements on a nano-SiC-doped sample, as reported Rypnducting volume and thus should be eliminated in order to
Serquisﬁ4 The strong upturn oH,(T) at low temperatures further improve the zero-field.. In addition, the extensive
indicates impurity scattering on the Mg sites. network of nanodomain defects at a scale of 2—3 nm would

Downloaded 03 Aug 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. 96, No. 12, 15 December 2004 Dou et al. 7555

provide very effective collective pinning at all the tempera-sity, the irreversibility field, and the upper critical field in a
tures up tol.. All these defects are absent in sample D as Mgmanner that helps make MgBotentially competitive with
vapor treatment would not introduce these impurities. Thusboth low- and highf, superconductors.
the flux pinning in sample D is not as strong as in sample B, CKNOWLEDGMENTS
at least at higher temperatures. At lower temperatures, tH%
strong intrinsic scattering induced by Mg vapor treatment  The authors thank J. Horvat, M. J. Qin, A. Pan, M. lo-
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