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Effect of carbon nanotube doping on critical current density
of MgB , superconductor

S. X. Dou, W. K. Yeoh, J. Horvat,® and M. lonescu
Institute for Superconducting and Electronic Materials, University of Wollongong, Northfields Avenue,
Wollongong, New South Wales 2522, Australia

(Received 8 August 2003; accepted 23 October 2003

The effect of doping MgB with carbon nanotubes on transition temperature, lattice parameters,
critical current density and flux pinning was studied for MgBC, with x=0, 0.05, 0.1, 0.2, and

0.3. The carbon substitution for B was found to enhakhcien magnetic fields but depre3s . The
depression off ., which is caused by the carbon substitution for B, increases with an increasing
doping level, sintering temperature, and duration. By controlling the extent of the substitution and
addition of carbon nanotubes we can achieve the optimal improvement on critical current density
and flux pinning in magnetic fields while maintaining the minimum reductiof dn Under these
conditions,J, was enhanced by two orders of magnitude at 8d &k and 7 T and 10 KJ, was

more than 10000 A/cfat 20 K and 4 T and 5 K and 8.5 T, respectively. 2003 American
Institute of Physics.[DOI: 10.1063/1.1634378

The effect of C-doping on superconductivity in a MgB Polycrystalline samples of MgB,C, were prepared
compound has been studied by several grdupghe results  through a reactiotin-situ process®’ High purity powders
on C solubility and the effect of C-doping dn. reported so  of magnesium(99%), amorphous borori99%) and multi-
far vary significantly due to the precursor materials, fabricawalled carbon nanotubes of 20-30 nm diameter were
tion techniques, and processing conditions used. It appeavseighed out according to the nominal atomic ratio of
that lower sintering temperatures and short sintering time#gB,_,C, with x=0, 0.05, 0.1, 0.2, 0.3, and well-mixed
result in an incomplete reaction and hence lower C solubilitythrough grinding. We stress that the values foare the
in MgB,. Ribeiroet al. used Mg and BC as precursors to nominal values throughout the paper, and the actual substi-
synthesize C-doped MgBby sintering at 1200 °C for 24 %.  tution of C for B will be shown to be less than these values.
A neutron diffraction study confirmed that the most likely The powders were pressed into pellets of 10 mm in diameter
solubility of C in MgB, is up to around 10% of C in the and 3 mm in thickness using a hydraulic press. The pellets
boron sites, resulting in a large drop of bofh and the were sealed in Fe tubes, then heat treated at 700 to 1000 °C
a-axis lattice parametéf. Recently, Leeet al. synthesised for 10—120 min in flowing high purity Ar. This was followed
C-doped single crystalline MgBat high pressuré5 GPa by a furnace cooling to room temperature. An undoped
and high temperatur@ 600 °Q, obtaining the C solubility of sample was also made under the same conditions for use as a
15% at the boron sites arid, depression to below 3 KLAll  reference sample. The phase and crystal structure of all the
these studies on C doping into MgBave only focused on samples was obtained from x-ray diffractiotRD) patterns
the effect on superconductivity. From the applications pointusing a MAC Science MX03 diffractometer with Ckia
of view, the effect of C doping on the flux pinning properties radiation. Si powder was used as an internal standard to cal-
is crucially important. The author’s group has reported a sigculate the lattice parameters. The grain morphology and mi-
nificant improvement inJ(H) and H;, in MgB, through  crostructure were also examined by a scanning electron mi-
nano-SiC doping® Recently, the effects of C doping on the croscope(SEM) and a transmission electron microscope
flux pinning and critical current density in MgEhas been (TEM).
studied using amorphous caridnand diamond;’ both The magnetization was measured over a temperature
showing improvement al.. at elevated magnetic fields. Wei range of 5-30 K using a Physical Property Measurement
et al. have studied the SUperCOﬂdUCtiVity of M;gBarbon System(PPMS, Quantum Design'n a time_varying mag-
nanotube composités.However, the effect of carbon nano- netic field with sweep rate 50 Oe/s and amplitude 8.5 T.
tube doping on critical current density and flux pinning hasgar-shaped samples with a size 0k8x 0.5 mn? were cut
not been reported. Among various carbon precursors, carbGfpom each pellet for magnetic measurements. The magnetic
nanotubes are particularly interesting as their special geomneasurements were performed by applying the magnetic
etry (high aspect ratio and nanometer diameteay induce  fie|d parallel to the longest sample axis. The magnktimas
more effective pinning centers compared to other carbonggcylated from the height of the magnetization lad
containing precursors. In this letter we report the results Oising the Bean modell.=20AM/[a(1—a/3b)], with a
control of the extent of carbon nanotube substitution andynqp as the dimensions of the sample perpendicular to the
addition to achieve an enhancement of critical current dengirection of applied magnetic field arakb. J, versus the

sity and flux pinning by two orders of magnitude in magnetic agnetic field has been measured up to 8.5 T. The low field

fields. J.. below 10 K could not be measured due to flux jumping.
The T, was determined by measuring the real part of the ac

3Electronic mail: jhorvat@uow.edu.au susceptibility at a frequency of 117 Hz and an external mag-
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. ! o FIG. 2. Magnetic ac susceptibility as a function of temperature for
Sintering Temperature ("C) MgB,_,C, sintered at different temperatures for 30 min. Carbon added was

o . ) in the form of multiwalled carbon nanotubes.
FIG. 1. The variation of lattice parametarand the unit cell volume of

MgB,_,C,, with nominalx=0.2, with sintering temperature. The carbon

was in the form of multiwalled carbon nanotubes. Inset: an XRD pattern forat |ow temperature and a short period, consistent with small

carbon nanotube doped MgBsintered at temperatures as indicated in the ; ; ;

figure. Symbol$ and # indicate the XRD peaks for MgBand MgO, re- C'.’yStaI lattice contraction. In Order '.:0 |mproye tki@ at. .

spectively. higher temperature, such as 20 K, it is essential to maintain
high T;. The above results indicate that by manipulating the

processing parameters we could control Thevhile achiev-

netic field of 0.1 Oe.T. was defined as the onset of the : ) : L 0
diamagnetism. ing a high level of C inclusion into MgBsample, up to 10%

Figure 1 shows lattice paramet@rand unit cell volume of B IBecguge .SUChf% |ncIu?|on his I|ttledeffr(]act T)p,. tlhedd'
versus sintering temperature for the sample dopedk at Ei)g;tlifs#ar?gg:rlggno a?t:ccz)lgsoi;tcc?raol\r/]l aE?nairii ‘;?;t'ae?_ -
=0.2. Thea axis decreases monotonically with increasinghance flux oinnin WFi)thin 2 wide ran egof tom eratﬁres
sintering temperature. The axis varies very little with the Fi g h 9 th (H gt 5 and 2pO K f tﬁ
sintering temperature and consequently the volume changes igure S Shows «(H) curves at 5 an orthe

in a similar manner aa (Fig. 1). The decrease of theaxis samples of MgB’XCX’ wherex=0, 0.05, 01 02, and 0.3
: S L are the nominal values for C content, with all the samples
is an indication of the boron substitution for carbon. The

decrease of the axis is more pronounced at temperaturessnﬂ'tereOI at80o°c for 30 min. All thé(H) curves for dopepl
samples have a highd, than the undoped sample at high

above 900 °C, because of the enhanced carbon substitution .
! 0,
these temperatures, which is consistent with several recerf1ZIi lds. The sample doped with 10% of carbon nanotubes (

papers->!! However, the substitution reaction in the presentzgt'gr) ngl\gs atgeKt;fﬁ%:tﬁgngﬁgﬁszﬁ dlr:t:rggs}ssfo?){hz
work is far from completion, even at sintering temperature Of;ield of 5T as compared to the undo’ ed samole. At a hiaher
1000 °C, in comparison with those treated at a higher tem- ' P P pe. 9

o . ; doping level &=0.3), although thel. in low-field regime
perature(1600 °Q and high pressur€. Thus, we achieved a ¢
condition of partial substitution of C for B and the addition was depressed, the ratefdrop is much slower than for all

of a majority of C, which may react with B to form BC, as other samples, clearly indicating strong flux pinning induced

. by the C nanotube doping.

_detected using EEL® or stay as carbon nanotubes. The Figure 4 shows thd (H) curves at 5 and 20 K for the
inset to Fig. 1 shows the XRD data for carbon nanotub . o
doped samples, sintered at three different temperatures. T 9B, éCo2 Sample sintered at temperatures from 700 °C—
sample was a well-developed MgBhase, with only a small
amount of MgO present, similar to other high-quality MgB
samples21317

Figure 2 shows the transition temperatuiie,)( for the
doped and undoped samples determined by ac susceptibility
measurements. THE, onset for the undoped sample+s38
K. For the sample doped at=0.2 (10% of B) and sintered
for a fixed period of 30 min, th&,. decreases with increasing

Critical Current Density (A/cm®)

sintering temperaturd.; reaches 31 K for the sintering tem- oo

perature of 1000 °C. This indicates that the extent of the C 3' 4 x=0.05

substitution reaction increases with increasing sintering tem- 107 © x=0.10 !

perature, resulting iff; depression, which is consistent with F°oxT 0.20 o ® 9]
the recent report!! The effect of doping level off, was [ x=030 o % |
also studied at a fixed sintering temperature of 800 °C for 30 10° : ' : L 04 . )
min. For this sintering temperatur&, only drops slightly, 0 20000 40000 60000 80000

2.0 K at a C doping level ox=0.3 (15% C doping. These Applied Magnetic Field (Oe)

results suggest that only a small amount of C nanotube pow g 3. critical current density as a function of the magnetic field at 5 and

der was substituted in the B position in the samples sinteregb K for a different doping level of multi-walled carbon nanotubes.
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the carbon nanotubes produced a stronger enhancemént of

sl MI(B. 1 Co2) than the nano-C particles. The reasons for C nanotube doping
NE 10 3 T=5K 7 being far better than C nanoparticle doping can be explained
< I%v as follows. The optimum doping level for nano-C particles is
2z 104'_ x=0.05 (2.5% of B while this level increases ta=0.2
§ E | o pure (10% of B) for C nanotube doping. This indicates that the
2 700°C superconductivity of MgB shows a higher tolerance to C
g okl ° 800°C i nanotubes than C nanoparticles. Consequently, there can be a
3 850°C % 3 higher concentration of nanoinclusions in the C nanotube
S [ | & 9o00°C & doped sample than in the C nanoparticle doped ones, for the
g 102k i same value ofl .. Furthermore, the special geometry of C
£ , ! ] nanotubes is desirable for effective pinning.
0 20000 40000 60000 80000 In summary, the effect of C nanotube doping on lattice

Applied Magnetic Field (Oe) parametersT., J. and flux pinning in MgB was investi-

gated under a wide range of processing conditions. It was

FIG. 4. The critical current density as a function of magnetic field at 5 andfound that the substitution of the C nanotube for B enhances

20 K for MgB, ¢Cy», sintered at different temperatures for 30 min. The L .

carbon was in the form of multiwalled carbon nanotubes. the f!ux pinning but depresseﬁl@t: By controlling the pro-
cessing parameters an optimizeld(H) performance is
achieved under a partial C substitution and C nanoaddition.

1000 °C for 30 min. For comparison, tdg(H) curve for the ~ Under these conditionsl; was enhanced by two orders of

undoped sample, MgBsintered at 800 °C is included. It is magnitude at 8 T and 5 K, and at 7 T and 10 K. Thewas

noted that the sintering temperature has a significant effe¢ore than 10000 A/cfiat 20 K in the field of 4 T and at 5

on theJ, performance in the field. A general trend is suchK in the field of 8.5 T, respectively. Carbon nanotube inclu-

that theJ (H) characteristic is improved with increasing sin- Sions and C substitution for B are proposed to be responsible

tering temperature. Although the sample sintered at 1000 °¢or the enhancement of flux pinning in high fields.

has lowerJ; values in the low-field regime, it3;(H) curve

crosses over thé;(H) for the other samples in higher fields. The authors thank S. Soltanian and S. H. Zhou for their

. A " help in the experiment. This work was supported by the Aus-
As a higher sintering temperature promotes the C substltu,[—ralian Research Council, Hyper Tech Research Inc. OH

tion reaction for B, the |mprove(_j field dependenceJQf USA, Alphatech International Ltd., NZ and the University of
measured at lower temperatures is clearly attributable to thgv

C substituti Y b C substitution d ollongong. W.K.Y. received an Australia—Asia Award
substitution. owever, because C su stitution lepressgg, jed by the Australian Government.
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FIG. 5. The field dependence df for 10% nano-C dope¢solid symbol$
and 10% carbon nanotube dop@gpen symbolsMgB, at 5 and 20 K. This
doping level corresponds to the nominat 0.2. The sweep rate of the field
was 50 Oe/s.
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