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Field, temperature, and strain dependences of the critical current for a SiC doped multifilamentary
in situ MgB, wire have been studied. Measurement results were compared with that of the undoped
wire, and the origin of the difference in the critical current is discussed. The critical current can be
calculated with the percolation model considering the effect of anisotropy. The temperature
dependence of the fitting parameters, the upper critical field along the ab-plane, and c-axis is
compared with the dirty-limit two-gap theory. To assess the validity of the fitting parameters,
resistive transition has been measured especially to extract the upper critical field directly. It is
shown that even the resistive broadening can be well explained by a simple parallel path model
using the fitting parameters obtained from the critical current analysis. © 2009 American Institute

of Physics. [doi:10.1063/1.3224862]

I. INTRODUCTION

It is now rather well established that transport properties
of MgB, such as resistivity or the critical current are strongly
affected by connectivity. Especially for polycrystalline
samples, pores or oxide layers are usually claimed for the
cause of reduction in grain connectivity. In an early review
of Rowell,’ reported resistivity for a variety of samples was
studied and at least for a relatively clean limit case, a simple
empirical formula was proposed for the estimation of con-
nectivity. A bit more sophisticated study on connectivity has
been carried out by Yamamoto ez al.” recently. They incor-
porated percolation theory to relate resistivity with packing
factor variation taking into account porosity and the portion
of oxide layers. For a rough estimation of residual resistivity,
the effect of anisotropy was also considered. Even though
MgB, is less anisotropic compared with cuprate supercon-
ductors it is still anisotropic. When the applied field is below
the upper critical field along the c-axis (B,), every grain
within a polycrystalline sample may carry an electrical cur-
rent. But as the field is increased above BS,, the portion of
grains participating electrical transport gradually decreases
and will reduce to zero above the upper critical field along
the ab-plane (B%2). We definitely need to consider the con-
nectivity caused by the anisotropy of MgB,, especially for
granular samples below the transition temperature at field
above the upper critical field along the c-axis.

¥ Author to whom correspondence should be addressed. Electronic mail:
wangpi @nfri.re.kr.

0021-8979/2009/106(6)/063912/5/$25.00

106, 063912-1

An attempt to calculate the critical current of polycrys-
talline MgB, taking into account the percolative nature of
transport due to anisotropy was reported by Eisterer et al’
Anisotropic Ginzburg—Landau theory is assumed for the an-
gular dependence of the upper critical field. The Kramer
grain boundary pinning model and percolation theory are
adapted. The critical current of several bulks and wires
whether they were irradiated or not can be explained by four
fitting parameters, the upper critical field along the ab-plane
(B), the anisotropy parameter (), the pinning force maxi-
mum (F,,), and the percolation threshold (p.).” The relevance
of fitting parameters such as the anisotropy parameter with
reported results is discussed in their work. We recently re-
ported that the critical current of a carbon doped sample also
can be understood by the percolation model proposed by
Kim e al.* The percolation model enables a quantitative
analysis on the effect of doping. The increase in the critical
current by doping was closely related with the increase in the
upper critical field and the decrease in the anisotropy param-
eter. The pinning force maximum was lowered and seems to
be a reason for the reduction in the critical current at low
field by doping.5 However, the effect of reduced effective
cross-sectional area by porosity also needs to be considered.”
The strain dependence of the critical current for an undoped
MgB, wire was also studied and can be analyzed by the
same percolation model.” It was argued that the linear strain
dependence of the critical current for the undoped sample is
mainly related to a variation in the anisotropy parameter. In
this work, we study the effect of doping and applied strain

© 2009 American Institute of Physics
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FIG. 1. (Color online) The resistive transition measurements at various tem-
peratures for the undoped sample. The thick lines are calculated with the
parallel path model using the fitting results for the critical current. (Inset)
Left side: sample attached on a spiral. Right side: microscope image after
removal from the spiral. The Monel sheath was partially grinded.

together and compared with the previous results. The tem-
perature dependence of the upper critical field is compared
with a recent dirty-limit two-gap theory.7‘8 The validity of the
fitting parameters is argued with a simple model on resistive
transition. The overall effectiveness of the percolation model
will be discussed.

Il. EXPERIMENTAL

In our previous work, field, temperature, and strain de-
pendences of the critical current for an undoped commercial
Hyper Tech multifilamentary in situ wire were reported.5
Here, detailed critical current measurements have been car-
ried out for a SiC doped multifilamentary wire. The doped
wire was fabricated by the same way as for the undoped wire
except carbon doping. It has a Monel sheath and within the
sheath seven filaments are bundled together. It was heat
treated by the same way as before, 30 min at 650 °C. De-
tailed measurement procedures using a variable temperature
Walter spiral probe for the transport critical current measure-
ment by four-probe method were reported elsewhere.”

The measured field dependence of the critical current is
analyzed with the percolation model. As a way to check the
validity of the fitting parameters such as the upper critical
field, resistive transition measurement was also carried out.
Usually, the upper critical field is determined from the onset
of resistive broadening. The sample used for the critical cur-
rent measurements was carefully removed from the spiral
(inset of Fig. 1). The Monel sheath was partially grinded
until the filament core appeared. Resistive broadening was
measured using Quantum Design physical property measure-
ment system with an applied current of 100 mA. The current
was supplied with a Keithley 220 current source, and the
voltage was measured by a 2182 A nanovoltmeter.

lll. RESULTS AND DISCUSSION

The field and temperature dependences of the critical
current for the doped sample compared with the undoped
sample are shown in Fig. 2. At 4.2 K, the critical current for
the doped sample at high field is much higher than that for

J. Appl. Phys. 106, 063912 (2009)
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FIG. 2. (Color online) The field dependence of the critical current at various
temperatures for the undoped (open symbols) and doped samples (solid
symbols). The lines are calculated with the percolation model.

the undoped sample. As we increased the temperature, the
critical current for both samples was comparable with each
other even at a field near the irreversibility field, for ex-
ample, at 20 K. Near the transition temperature, at 30 K, the
critical current for the doped sample is lower than that for the
undoped sample at all fields. Whether doped or not, the criti-
cal current of both samples can be described by the percola-
tion model. All lines in Fig. 2 were calculated with the model
proposed by Eisterer et al.’ and are in good agreement with
the measured data. The fitting parameters used are shown in
Figs. 3 and 4. As was argued in our previous work," there is
a clear increase in the upper critical field and there is a de-
crease in the anisotropy parameter by doping. On the other
hand, the pinning force maximum is significantly lowered by
doping at all temperatures. A temperature independent per-
colation threshold of 0.26 was used, the same as it was for
the undoped sample.

As can be seen in Fig. 3, there are clear upward curva-
tures in the temperature dependence of the upper critical
fields parallel to the ab-plane B“S, whether doped or not. The
positive curvature is usually argued as related with the two-
band nature of MgB,, for example, as was reported by
Gurevich e al.® All lines in Fig. 3 are calculated with Eq.
(1), based on the dirty-limit two-gap theory.
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FIG. 3. (Color online) The upper critical field along the ab-plane and the
c-axis for the undoped and doped MgB, wires obtained from the fitting of
the critical current. The lines are calculated with the dirty-limit two-gap
theory.
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FIG. 4. (Color online) The pinning force maximum as a function of tem-
perature obtained from the fitting of the critical current. (Inset) The tempera-
ture dependence of the anisotropy parameter for both the undoped and
doped samples.

2wlln ¢+ u(b/t)][In t + u(nb/t) ]+ Ny[In t + u(nb/1)]
+ N\ [Inz+u(b/t)]=0. (1)

Here, ¢ is the reduced temperature 7/7, and b is defined
as iH,D /2 ¢okgT .. D, is o band diffusivity and ¢, is the
flux quantum. The function u(x) is defined as u(x)=yA(1/2
+x)—i(1/2), where ¢f(x) is the digamma function. 7 is a
ratio of the 7 band and o band diffusivity, D,/D,. w and
A, can be obtained from the electron-phonon coupling con-
stant \,,, and the Coulomb pseudopotential matrix ,u,m,,.8 The
electron-phonon coupling constant and the Coulomb pseudo-
potential can vary upon doping. According to a model calcu-
lation based on the two-band Eliashberg theory for Mng,10
the Coulomb pseudopotential is a slowly decreasing almost
linear function as the content of carbon increases. Even
within the dirty-limit two-gap theory, interband scattering
can affect the transition temperature and the upper critical
field.”® However, the variation of the transition temperature
due to doping is relatively small (about 2.4 K) for the sample
studied in this work. In this case, the variation of \,,, or &,,,
by doping and the effect of interband scattering can be
neglectcd8 and are not considered here for simplicity. The
best fits are obtained with the diffusivities listed in Table I.
The 7r band is much dirtier than the o band, especially along
the ab-plane. In our case, carbon doping increases the
band scattering a bit more than the o band scattering, con-
sistent with the report of Angst et al. ' On the other hand, the
opposite result was reported by Sologubenko et al."* from
thermal conductivity measurements.

The upper critical fields discussed in the previous para-
graph are fitting parameters and not measured data. A usual
way determining the upper critical field is to measure it from

TABLE I. The diffusivities used for the calculation of the upper critical field
with the dirty-limit two-gap theory, Eq. (1), shown in Fig. 3.

Dy Dy D; D
(m?/s) (m?/s) (m?/s) (m?/s)
Undoped 1.5x10™ 43%x10°° 4.0x10™* 1.2x10™*
Doped 1.15x107* 2.8%X107°° 24%X10™ 0.7X107*

J. Appl. Phys. 106, 063912 (2009)
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FIG. 5. (Color online) The temperature dependence of the upper critical
field along the ab-plane and the c-axis, the irreversibility, and the Kramer
field for the doped sample. (Inset) Kramer plots for the doped sample. The
Kramer field is extrapolated from the linear fitting for the low field region
(dotted lines).

resistive broadening. Resistive transition measurements for
the undoped sample are shown in Fig. 1. The upper critical
field is defined as a field at which 90% of normal state resis-
tance at the onset is observed (By™) and the irreversibility
field as a field where 10% normal state resistance is observed
(Bir™). The measured upper critical field and the irrevers-
ibility field at 25.5 K are presented in Fig. 1 as open tri-
angles.

Quite interestingly, the resistive transition can be well
reproduced by a simple parallel path model. It was assumed
that if the applied current (represented as a horizontal line in
Fig. 2) exceeds the critical current, the residual current (a
difference between the applied and critical currents) flows
partially through normal MgB, grains or along the sheath.
Thereby resistivity gradually develops along these parallel
resistive paths. The thick solid lines in Fig. 1 were calculated
with the parallel path model using the critical current calcu-
lated by the percolation model. The resistance of resistive
paths is approximated as a linear function of temperature
extended from the onset as shown in Fig. 1 as thin solid
lines. There is a slight difference in temperature between the
resistive measurements and the calculated lines. The resistive
broadening measured at 25.5 K, for example, quite well co-
incides with the thick solid line calculated with the fitting
results for the critical current measurements at 25 K. The
critical current measurements had been carried out with the
variable temperature Walter spiral probe as noted, and there
can be a slight difference in temperature sensor calibration.
Also, for the critical current measurements, the effect of sen-
sor magnetoresistance was considered whereas for the resis-
tive measurements it was not and can be another possible
reason for the observed slight difference in temperature. As
the applied current exceeds the critical current, the calculated
resistivity sharply increases whereas there are tails at the
offset in the measured data. The difference at the offset
might be related with flux flow resistivity. However, the ir-
reversibility defined from the critical current measurements
with a criterion of 100 A/cm?, B, (solid triangle in the
middle of resistive transition shown in Fig. 1), is comparable
with the measured irreversibility field B-*°. We argue that

irr
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FIG. 6. (Color online) Correlation between the normalized pinning force
maximum and the normalized upper critical field along the c-axis.

the fitting parameters obtained are relevant not only for the
critical current analysis but also for the assessment of the
resistive broadening. At least for polycrystalline samples of
MgB,, the usual method for the determination of the upper
critical field can underestimate the actual upper critical field.

If there are correlations among the fitting parameters, the
uncertainty in the determination of the fitting procedure
would diminish, and the fitting parameters, such as the upper
critical field, might be directly extracted from the analysis of
resistive broadening. In our previous work,” some interesting
correlations were reported and the same correlations work
for the doped sample as well. As shown in Fig. 5, the upper
critical field along the ab-plane and the c-axis are propor-
tional to the irreversibility field B;, and the Kramer field
Byamer> respectively. The Kramer field is defined as an inter-
cept of a linear fitting in the low field region (dotted lines in
the inset of Fig. 5) of the Kramer plot. It is also observed that
the normalized pinning force maximum, F,,/F,, (4.2 K), is
almost proportional to [BS,/BS,(4.2 K)J*3, consistent with
the grain boundary pinning model, the Kramer model,"” as
can be seen in Fig. 6.

The strain dependence of the critical current at 20 K
within reversible strain limit is shown in Fig. 7. It is also
linear for the doped sample and can be written as I.(g)

-0.4 -0.3 02 0.1 0.0 0.1 0.2

1 -1 O T ¥ T T ¥ T T b T Ly 1
1.05 1 un-doped sample : 4 T fitting line, K = 30 ) -
from6 Tdownto2T v

1.00 1110

o - > L
; 0.95—_ . .“/__ ’,%« 41.05

i) © e = 4
E oss{ & ,g"' 1095

-

“ os] * ; = ]
R x ",.'S' from6 T downto2T 090
0.75 -‘/,-g’ g - 0.85

‘ j
o -0.80

- doped sample : 4 T fitting line, K = 38.4
40.75
T T T

r T T T T T T
-0.4 -0.3 -0.2 -0.1 0.0 01 0.2
Applied Strain (%)

FIG. 7. (Color online) The strain dependence of the critical current for the
doped and undoped samples at 20 K. The dotted lines are linear fitting
results.

J. Appl. Phys. 106, 063912 (2009)
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FIG. 8. (Color online) The field dependence of the critical current with
different applied strains for both the doped and undoped MgB, wires. The
lines are calculated with the percolation model.

=1.(0)[1+Ke] as reported,"* where K is a constant of pro-
portionality. The critical current for the doped sample is
much more strongly affected by the external longitudinal
strain compared with that for the undoped sample as can be
clearly seen both in Figs. 7 and 8. The strain dependency
coefficient K at 20 K, 4 T, is 38.4 for the doped sample
whereas it is 30 for the undoped sample. The solid and dotted
lines in Fig. 8 calculated with the percolation model are in
agreement with the field dependence of the critical current at
different strains for the doped sample as well. Compared
with the undoped sample, not only the anisotropy parameter
but also the upper critical field and the pinning force maxi-
mum varied by the applied strain as listed in Table II, which
seems to be a major cause for the observed strong strain
dependence for the doped sample.

IV. CONCLUSIONS

In summary, a comparative study on the field, tempera-
ture, and strain dependences of the critical current for doped
and undoped MgB, wires has been carried out. The critical
current can be analyzed with the percolation model where
the effect of anisotropy is considered. The temperature de-
pendence of the upper critical field along the ab-plane ob-
tained from the fitting for both wires shows an upward cur-
vature. It was argued from the analysis using the dirty-limit
two-gap theory that the 77 band is much dirtier than the o
band, and the 7 band scattering increases a bit more by the
carbon doping and that is a cause for the increase in the
upper critical field and the reduction in the anisotropy param-
eter. The resistive broadenings also can be understood rea-
sonably with the simple parallel resistive path model using

TABLE II. The fitting parameters used for the calculation of the critical
current density shown in Fig. 8, with the percolation model.

g, B¢, F,

(%) (T) (TA) Y
Undoped -0.372 9.0 950 2.43

0.124 9.0 950 2.33
Doped —0.372 9.4 300 1.91

0.124 9.52 325 1.83
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the fitting results of the percolation model for the critical
current, which suggest that usual determination of the upper
critical field might underestimate the actual upper critical
field. We observed the same correlation among the fitting
parameters for both wires such as F,/F,(4.2 K)
«[B,/ By (4.2 K)]*3, which might reduce the uncertainty in
the determination of the fitting parameters using the percola-
tion model. The strain dependency of the critical current for
the doped sample is much stronger than that for the undoped.
It was argued that not only the anisotropy parameter but also
the upper critical field and the pinning force maximum vary
by the applied strain for the doped sample from the percola-
tion model analysis.
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