
PHYSICAL REVIEW B 68, 134509 ~2003!
Effect of sample size on the magnetic critical current density in nano-SiC doped
MgB2 superconductors
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The effect of sample size on the critical current density and the flux pinning of pure and SiC doped MgB2

bulk samples has been investigated. At high fields a systematic degradation of magneticJc and H irr was
observed as the sample size decreased. However,Jc remarkably increased on decreasing the sample volume at
low magnetic fields below 1 T. The SiC doped samples show less sample size effect than the pure samples,
indicating a largern factor and therefore a stronger pinning effect due to SiC doping.H irr was observed to
decrease as a logarithmic function of the sample volume, and the zero fieldJc can be fitted as an exponential
decay function.
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The recent discovery of MgB2 superconductors1 has at-
tracted remarkable attention. It shows great potential for
plications due to its relatively high transition temperatu
Improving the critical current density (Jc) is one of the most
important issues so far as applications are concerned. On
the bestJc field performances has been reported recently
nano-SiC doped MgB2 bulk and wires.2,3 Results show tha
SiC doped MgB2 superconductors are one of the best can
dates for high-field applications.

In contrast to the direct transportJc measurements use
for tapes and wires, for bulk samples one has to calculate
magnetic Jc from the dc magnetization using the Bea
model. In our recent work we have shown that the magn
Jc strongly depends on the sample size.4 In contrast to the
high-Tc superconductor materials5 it was observed that in
pure MgB2 bulk samplesH irr decreased as the sample vo
ume decreased. Due to the dependence ofJc on sample size,
for a reliable comparison ofJc values derived from magneti
measurements, sample size has to be carefully taken
account.

Some explanations have been presented to explain
behavior. Jinet al. suggested a linear dependence of the
tivation energy on theJc and gave an explanation for theJc

dependence on the sample size.6 They proposed that in a
cylindrical MgB2 sample, vortices are remarkably rigid
small samples up to 1 mm long, while they behave as in
vidual segments for longer samples. Horvatet al. qualita-
tively explain this phenomenon by considering the differe
coupling between the grains at different length scales.4 Very
recently Qinet al. established a model to explain this effec
Based on this model, the magneticJc depends on sample siz
asJc}R1/n whereR is the radius of a cylindrical sample an
n is the n factor characterizing theE-J curve E
5Ec(J/Jc)

n.7 They proposed that the low-n factor at high
magnetic fields is the reason for the significant sample
effect for pure MgB2 superconductors.

As the nano-SiC doped sample exhibited much stron
flux pinning than the pure MgB2, we intend to investigate
the size effect in the strong pinning samples and comp
them with pure MgB2 samples. A detailed study with the aim
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to further understand the sample size effect in both pure
doped MgB2 superconductor is presented in this paper.

Two groups of polycrystalline MgB2 and MgB2110%
SiC samples were synthesized from high-purity Mg and
and nano-SiC powders using the high isostatic press
~HIP! method. The sample preparation details have been
plained elsewhere.8 The magnetization was measured ove
temperature range of 5 K to 30 K using a physical propertie
measurement system~PPMS, Quantum Design! in a time-
varying magnetic field of sweep rate 50 Oe/s and amplitu
9 T. Bar-shaped samples were cut and dry polished fr
each pellet for magnetic measurements. The shiny polis
surface was golden and black for the pure and do
samples, respectively. The sample volume was decre
about 75% through sawing and dry polishing after each m
surement. To avoid any geometrical effect on the resu
each dimension is reduced by a factor of about 0.35%~i.e.,
the ratio of a:b:c remains constant! before each subsequen
measurement.

The sample information is presented in Table I. The m
netic measurements were performed by applying the m
netic field parallel to the longest sample axis. The magn
Jc was calculated from the heightDM of the magnetization
loop (M -H) using the Bean model, whereJc
520DM /@a/(12a/3b)#, wherea andb are the dimensions
of the sample perpendicular to the direction of the appl
magnetic field witha,b. Jc versus magnetic field was mea
sured up to 8.5 T for all the samples at 5 K, 10 K, 20 K, a
30 K. Tc was determined to be 38.6 K and 37.05 K for t
pure and doped samples, respectively. A small bar sha
sample of the same size as sample 4 was directly cut f
the same batch and given aJc measurement. No significan
difference was found between the results for this sample
for sample 4, indicating that the repeated polishing and m
surements had no effect on the samples.

The field dependence ofJc for SiC doped and undope
MgB2 samples at 5 K, 20 K, and 30 K for samples of diffe
ent sizes are presented in Figs. 1~a! and 1~b!, respectively. It
can be clearly seen that in both doped and undoped sam
the Jc field performance strongly depends on the sam
size. At high fields,Jc significantly decreased as a functio
©2003 The American Physical Society09-1
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TABLE I. The dimensions of samples prepared for magnetic measurements. Each dimension was
by about 35% before each subsequent measurement. The magnetic field was applied parallel to thec axis

Sample

Undoped Doped

a ~mm! b ~mm! c ~mm! V (mm3) a ~mm! b ~mm! c ~mm! V (mm3)

1 1.07 3.27 7.15 25.01 1.12 2.98 6.95 23.195
2 0.7 2.12 4.65 6.9 0.698 2.116 4.616 6.817
3 0.456 1.34 2.92 1.78 0.448 1.342 2.902 1.745
4 0.29 0.85 1.87 0.46 0.295 0.847 1.805 0.451
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of the magnetic field as the sample size decreased. On
other hand, the low-fieldJc increased as the sample si
decreased in both pure and doped samples. These chang
either low fields or in high fields are stronger in the lowe
temperature regime.

Flux jumping was observed in both pure and dop
samples but flux jumps occurred at higher fields for big
samples. Flux jumping was also found to be less seriou
the doped samples. For sample 1 flux jumping was obse
up to 3.9 T for the doped sample, but in the pure sample
jumping can be seen even at 5 T. Flux jumping also occur
in the pure samples 1 and 2 at 20 K, but no flux jumping w
observed in the doped samples at 20 K.

The ratio ofJc1 /Jc4 for samples 1 and 4 between 5 T an

FIG. 1. ~a! Magnetic Jc field dependence of the MgB2

110%SiC samples of different sizes~Table I! at 5 K, 20 K, and 30
K. ~b! MagneticJc field dependence of the pure MgB2 samples of
different sizes~Table I! at 5 K, 20 K, and 30 K.
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8.5 T for both pure and doped samples at 5 K are prese
in Fig. 2. For both samples the larger the sample, the hig
the Jc1 /Jc4 ratio. However, the sample size dependence
much more pronounced in the undoped sample. At 6.5 T
5 K Jc4 is lower thanJc1 by a factor of 1.8 for the doped
samples. However, under the same conditions,Jc4 is more
than one order of magnitude lower thanJc1 in the pure
samples. TheJc field dependence of the doped samples
low magnetic fields and 20 K are shown in the inset of F
2. As we can see, the zero-fieldJc increases as the samp
size decreases. However, the differences between theJc val-
ues of all the samples are reduced by increasing the mag
field. TheJc field dependence curve of sample 1 crosses o
the Jc curves of the smaller samples at a magnetic field
about 1 T. The same behavior was also found in the p
samples.

The dependence of the irreversibility fieldH irr on the vol-
ume of pure and doped samples at 20 K is shown in a se
logarithmic plot in Fig. 3.H irr was determined fromJc-H
curves using the criterion of 100 A/cm2. Some points for the
pure samples were extracted from our previous work.4 As we
can see,H irr decreases logarithmically as the sample volu
decreases. The irreversibility fieldH irr versus the sample vol
ume is plotted in the inset with linear scaling, showing
gradual saturation behavior as the sample volume increa
Almost the same trend was found at other temperature
well.

Figure 4 shows the dependence of the zero-field crit
current (Jc0) on the sample volume of pure and dop
samples at 20 K and 30 K. Some points for pure samp

FIG. 2. The ratio ofJc1 /Jc4 between 5 T and 8.5 T for both pur
and doped samples at 5 K. TheJc field dependence of doped samp
at low magnetic fields at 20 K is shown in the inset.
9-2



ll

e

e
y
.
e
n
e-
st

n
b
th

3

th
e

re

s
t

cur-
e

ure
een
.
ffect

t in

s
-

for 5

ed

ded

e

EFFECT OF SAMPLE SIZE ON THE MAGNETIC . . . PHYSICAL REVIEW B 68, 134509 ~2003!
were extracted from our previous work.4 All Jc0 values were
normalized to theJc0 value of the biggest sample. Over a
temperature ranges the smaller samples had a higherJc0 . For
pure samples the normalizedJc0 increases slightly as th
sample volume decreases down to 7 mm3, followed by a
faster increase for smaller sample volumes.Jc0 can also be
very well scaled for both 20 K and 30 K with the same curv
However, for doped samples,Jc0 increases more graduall
than for the pure samples as the sample size decreases

Moreover, theJc0 values for 20 K and 30 K cannot b
scaled using the same curve. The difference between the
malizedJc0 values for 20 K and 30 K is increased by d
creasing the volume. The lower the temperature, the fa
Jc0 increases. The absolute value ofJc0 versus the sample
volume for pure and doped samples at 20 K is plotted o
logarithmic scale in the inset to Fig. 4. The curves can
fitted as an exponential decay function as is shown in
figure ~lines!.

Based on the Qinet al. method we have plotted ln(Jc)
versus ln@ab/(a1b)# for the doped samples at 20 K and at
T, 4 T, 5 T, and 6 T in Fig. 5. Similar curves at 5 K and 30 K
for different magnetic fields are presented in the insets of
figure. The solid lines are the best linear fittings betwe
ln(Jc) and ln@ab/(a1b)#. The inverses of the slopes give then
factors. Calculatedn factors for the SiC doped samples a

FIG. 4. The dependence of the zero-fieldJc (Jc0) on the sample
volume of pure and doped samples at 20 K and 30 K. In the in
the dependence ofJc0 on the volume at 20 K is plotted on a loga
rithmic scale.

FIG. 3. The dependence ofH irr samples on the sample volum
of pure and doped MgB2 at 20 K in a semilogarithmic plot.H irr

versus the volume with linear scaling is shown in the inset.
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shown in Fig. 6 at 5 K, 20 K, and 30 K. Then factors of pure
samples extracted from our recent work7 are also included as
open squares and open triangles for 5 K and 20 K, respec-
tively. The solid lines are just guides to the eye.

As the n factor is the exponent characterizing theE- j
curveE5Ec( j / j c)

n, a largen factor will lead to a sharpE- j
curve. On the other hand, then factor can be calculated a
n5U0 /kT,7 where U0 is the energy scale for the curren
density dependent activation energyU( j )5U0 ln(jc /j) with
k the Boltzmann constant. Therefore a largen indicates a
stronger pinning effect. Moreover, the dependence of the
rent density on the sample size has been derived to bj
}R1/n, indicating that a largen will give rise to less sample
size dependence. It can be seen from Fig. 6 that then factors
of the doped sample are much higher than those of the p
samples, indicating that strong pinning centers have b
introduced into the MgB2 samples by means of SiC doping
Figure 6 also explains the observed lesser sample size e
in the SiC doped samples shown in Figs. 1–3.

In conclusion we have studied the sample size effec

et

FIG. 5. The sample size dependence ofJc for doped MgB2

samples at 20 K. The same dependence is plotted in the insets
K and 30 K. The solid lines are linear fits to the data.

FIG. 6. Then factor versus applied magnetic field for the dop
MgB2 samples at 5 K, 20 K, and 30 K~solid symbols!. Then factor
of pure samples extracted from our previous work are also inclu
~open symbols!. The solid lines are only guides to the eye.
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pure and SiC doped MgB2 samples and derived then factors
for both samples. The doped samples show a largern factor
and less sample size dependence, indicating a stronger
ning effect by SiC doping in MgB2 samples. The irrevers
ibility field H irr was found to increase with increasing samp
volume as a logarithmic function. The zero-fieldJc de-
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