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Abstract In this study, we report an enhancement of critical
current density of bulk MgB, superconductors by glutaric
acid (CsHgO4) doping. The effects of glutaric acid dop-
ing on MgB; lattice resulted in a record self-field J. of
the order of 10® A/cm?. A simultaneous improvement in
the connectivity, pinning force, and H, is the major factor
that determined excellent J. performance. X-ray diffraction
analysis showed that samples were single-phase MgB, with
a minor trace of impurities. A dramatic change in grain mor-
phology and homogeneity in grain distribution was found
in the SEM images of doped samples. We observed that
homogeneity in grain distribution played a crucial role in the
connectivity and the upper critical field (H.;) of the doped
samples. We were able to introduce a new dopant through
a two-step mixing approach which is suitable to overcome
the degradation of low field and self-field J; reported for
carbon-doped MgB, superconductor samples.
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1 Introduction

The 39 K [1] superconductor MgB, has been made signifi-
cant enhancement by a lot of researches in the last decades.
In particular, carbon substitution on B sites by a chemical
reaction route [2—4] has proven the enhancement of J. under
magnetic field. However, the homogenous mixing is still
remaining as a challenge using any method. To overcome
these difficulties to enhance the uniform dispersion of the C
with B, various nanoparticles and materials including metal-
lic elements having C in various forms like nanopowders,
nanotubes, graphite, diamond, carbides, silicides, nitrides,
borides, oxides, and hydrocarbons have been introduced
into MgB» [5-15]. Among the C-containing dopants, Dou’s
group has achieved record performance in MgB, by SiC
doping [4, 16]. Though many groups have reported simi-
lar results afterwards [16—19], the self-field and low-field
performance has not improved much with SiC. A neutron
diffraction study confirmed that most likely the solubility of
carbon in MgB» is up to around 10% of C in the B sites,
resulting in a large drop of critical temperature (7;) and
the a-axis parameter [20]. In order to overcome agglom-
eration of nano-additives in the precursors and to achieve
homogeneous distribution of a small amount of nanodopants
within the matrix, researchers proposed to use carbohydrate
as a dopant and they explained many advantages of carbo-
hydrate doping via chemical solution route method [23].
Many carbohydrates have been doped by different groups
[21-23]. Among the carbohydrates, malic acid doping via
chemical solution process has become popular and advan-
tageous in terms of both cost and performance [24, 25].
Even though the malic acid doping is successful at high-
field performance, they still have a problem with low-field
degradation and inhomogeneity in substitution. In order to
overcome this issue, in the present study, we report glutaric
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acid (C5HgO4) as a carbohydrate dopant for the first time
via two-step wet mixing approach for the enhancement of
low-field J.. The organic dopant glutaric acid (CsHgOy4)
melts at 98 °C but decomposes at 302 °C. Here, we perform
a pre-heat treatment for the boron/dopant/toluene slurry at
120 °C. The pre-heat treatment helps the B to be coated
with the dopant, thereby preventing the agglomeration and
deterioration of B. We believe that this process provides bet-
ter connectivity and enhanced low-field J. for the sample.
Further, we confirmed from our results that these organic
compounds have a potential to improve physical properties
of MgB, for low-field application like MRI.

2 Experimental Procedure

MgB; bulk samples were synthesized by an in-situ reaction
process. In the present study, the amount of glutaric acid
dopants was selected such that it substitutes 2 to 8 at.% of
carbon into MgB» lattice. An appropriate amount of dopant
was taken in an 80 ml bowl having 10 ml of toluene solu-
tion (C7Hg, 99.5%). A stoichiometric amount of amorphous
nano-boron (PVZ nano Boron, Pavezyum) was then added
into it. This mixture was ball milled with six ZrO, balls of
5 mm diameter for 2 h with 100 rpm speed. This slurry mix-
ture was dried in an oven at 120 °C for 15 h, so that the
B powder particles were coated by the dopant uniformly.
This uniform composite was then mixed with an appropri-
ate amount of 99.9% Mg powder (CERAC with an average
particle size of 45 wm, —325 mesh) and grounded for 20 min
by an agate mortar and pestle. The samples were then pel-
letized under 10 tons of pressure. All pellets were wrapped
with a tantalum foil and heat treated at 650 °C for 2 h
in high-purity argon atmosphere (with a heating rate of
5 °C/min to reach a temperature of 650 °C).

3 Results and Discussion

Figure 1 shows the powder XRD patterns of the sam-
ples. MgB,, the major phase, and a trace amount of MgO
and unreacted Mg phases were observed. Rietveld refine-
ment was performed to analyze the XRD data. It shows
the increase of MgO percentage with an increase of doping
level. This increase is obvious due to the increase of oxygen
amount with the increase of the doping percentage level.
Figure 2 shows a sequential reduction in the a-
lattice parameter and the actual amount of C substitu-
tion in Mg(B1_,Cy)», calculated from the c/a ratio using
x =7.5 x A (c/a) [26] as a function of glutaric acid dop-
ing level. The graph clearly indicates that the value of x is
less than the actual doping percentage. This shows a partial
substitution of C in MgB; and a partial diffusion into the
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Fig. 1 XRD spectrum of glutaric acid-doped MgB, for different
doping percentages

MgB» matrix as an interstitial atom. The partial substitution
of C in the present case is due to the low sintering tempera-
ture (650 °C). A higher sintering temperature around 900 °C
may be needed to achieve the full substitution of C.

We studied the magnetic field dependence of J. of the
doped and undoped samples at 5 and 20 K (as shown
in Fig. 6). As we achieve the highest J. for the 6 at.%
doped sample, we present the FE-SEM images of pure and
6 at.% glutaric acid-doped samples in Fig. 3 for microstruc-
ture comparison. There is a dramatic change in the grain
morphology of the pure and doped samples. The grain mor-
phology of pure sample is more or less spherical while that
of the doped sample is in needle shape. Grains are more
homogeneous and smaller in size in the doped one. This
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Fig. 2 a-Lattice parameter and carbon substitution x as a function of
doping percentage of glutaric acid
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Fig. 3 FE-SEM image of pure
and 6 at.% glutaric acid-doped
MgB2

Un-doped sample

makes the sample relatively more compact and provides
better connectivity. Further, the smaller and needle-shaped
grain provides better pinning strength in the sample. To
compare the connectivity in these samples, the normal-state
resistivity measurements were carried out.

The connectivity factor (Ar) and residual resistivity (pop)
were calculated from the normal-state resistivity measure-
ment. Strain in these samples was calculated from the
Rietveld analysis using MAUD software. These results are
shown in Fig. 4. The connectivity (Ar) of the samples was
calculated by the equation proposed by Rowell [27]. There
is a comparative increase in connectivity with doping. As
we mentioned earlier, we expect the pre-heat treatment of
boron-dopant slurry at 120 °C will produce a dopant-coated
B which prevents the agglomeration and oxidation of B.
Thus, we get the uniformly de-agglomerated dopant-coated
B powder with high surface area. The dopant in this mix-
ture is expected to decompose during the sintering process
at 302 °C and release highly reactive C during the MgB,
formation process, homogeneously throughout the sample.
This homogeneity in distribution of dopant-coated B causes
an increase in the percentage of connectivity which gives
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Fig. 4 Connectivity factor (Ag), residual resistivity (pp), and strain as
a function of atomic percent of glutaric acid

Doped sample

a better performance in low-field J.. The residual resistiv-
ity (po) of the samples was calculated using the Rowell
technique with an inter-grain connectivity correction (pp =
Af X pag K), as explained elsewhere [28]. The residual resis-
tivity of the samples is increased with doping percentage.
The partial C substitution and distortion in the B-plane are
the causes of the scattering of the electrons taking part in the
transport of the current, and hence, we observe an increase
in the residual resistivity. The increase in lattice stain is
expected due to the increase in partial C substitution and the
decrease in crystallinity in the sample as discussed earlier.
It is argued that the decrease in grain size, the increase in
MgO, and the partial carbon substitution are the main causes
of the distortion in the MgB, lattice structure resulting in
the lattice strain [29, 30]. The increased impurity scatter-
ing due to partial C substitution obviously enhances the H»
of the sample. H.(T) has been calculated from the field-
dependent R—T plots using the criteria of 90% of normal
state resistivity as shown in Fig. 5.

The H¢, shows the enhancement with doping at all tem-
peratures. In order to get an estimated value of H»(0), we

T T T T T T T T
Ginzburg Landau fitting 4
—&—H_(0)=17.42 T, x=0.00

20

—A—H_(0)=19.55 T, x=0.02
15 —#—H_(0)=19.27 T, x=0.04 _
—»—H_(0)=20.50 T, x=0.06
- —8—H_(0)=20.00 T, x=0.08 ]
0T mee,0), i
5}
O 1 . 1
0 10 20 30 40

Temperature (K)

Fig. 5 Theoretically fitted curves for Hcy vs temperature plots for
pure and glutaric acid-doped MgB, superconductors
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Fig.6 J.(H, T) of pure and glutaric acid-doped MgB, samples at 5 and 20 K

have used the Ginsburg-Landau theory [31]. Both experi-
mental and fitted curves for Hcp are shown in Fig. 5. The
fitted curves are in solid line, while experimental data points
are shown by a symbol. We observed that H.>(0) increased
from 17.4 T for the undoped samples to 20.5 T for the
6 at.% glutaric acid-doped sample. This increase in Hex(T)
is remarkably helpful to enhance the high-field J. (H). This
needs an electromagnetic study to investigate in detail.
Figure 6 shows magnetic field dependence of J. of the
doped and undoped samples at 5 and 20 K. As can be seen
in the figure, self-field J; at 20 K for the 6 at.% doped sam-
ple is of the order of 10® A/cm?. In the low-field region,
i.e., at 20 K and 4 T field, the J. value enhanced from
3.5 x 103 A/cm? for the pure sample to 1.93 x 10* A/cm?
for the 6 at.% doped samples. The enhancement in J. at
20 K and 4 T is highly useful for cryogen-free operation of
superconducting MRI magnets. The enhancement of J; in
the low-field region with glutaric acid doping is the high-
est compared to all the other dopants so far in bulk samples.
Connectivity, pinning force, and H; determine the J.(H,
T) behavior of superconducting materials. The enhance-
ment in J; is directly proportional to grain connectivity and
pinning forces. We have seen from the resistivity studies
that the connectivity of the sample is increased substantially
with doping as shown in Fig. 4. We calculated the pinning
force using the formula F, = poH x J. from the J.—H data.
The pinning forces at 20 K temperature are shown in
Fig. 7. From Fig. 7, it is clearly seen that the pinning
force (Fp) is increasing with increasing doping percentage.
The pinning force is highest for the 6 at.% doped sam-
ple. The increased pinning force is due to the smaller grain
size in the doped sample which was evident from the XRD
analysis and SEM images as discussed before. Martinez
et al. [32] observed that the pinning force maxima (Fpmax)
increases with the decrease in grain size for the samples hav-
ing good grain connectivity. This behavior is also present
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in our present study. The maximum self-field and low-field
Je.(H, T) observed in the 6 at.% doped sample is due to the
increase in connectivity and pinning force.

In low temperature and high field, i.e., at 5 K and
8 T field, the J, value enhanced from 1.23 x 103 A/cm?
for the pure sample to 1.0 x 10* A/cm? for the 6 at.%
doped samples. Under high-field J., the 6 at.% doped sam-
ple obviously shows superior properties. The high-field J.
enhancement is generally governs by the H.> and pinning
force. We have seen from the resistivity study that H of
the sample has increased with doping percentage. The max-
imum H is observed for the 6 at.% doped samples. As
discussed before, the enhancement in H,, is mainly due to
impurity scattering in the sample. We have seen from the
XRD studies that doping causes a partial substitution of C
in MgB, as well as partial diffusion of C into the MgB,
matrix as an interstitial atom. This partial C substitution
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Fig. 7 F,—H characteristics of glutaric acid-doped and pure MgB>
superconductors at 20 K
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and distortion in the B-plane enhance the electron scattering
and thereby cause an increase in the residual resistivity. The
increased electron scattering in B-plane results in a decrease
in mean free path and hence larger H.» and hence J. in
the sample. The second factor, which governs the high-field
Je, is the pinning force. We already discussed that the pin-
ning force (Fp) is increasing with doping percentage and the
maximum pinning force is observed for the 6 at.% doped
sample. The pinning force enhancement causes an increase
in irreversibility field and hence enhancement in J.. These
results suggest that the high-field J. enhancement is due to
enhanced H.; and pinning force.

4 Conclusion

In summary, we studied the effect of glutaric acid (CsHgOy4)
doping on the structural and superconducting properties
of MgB, superconductors. Simultaneous improvements of
intrinsic and extrinsic properties of MgB, were observed
with glutaric acid (CsHgO4) doping. The calculated actual
amount of C substitution clearly indicates that a partial
substitution of C in MgB; and a partial diffusion into the
MgB> matrix as an interstitial atom are due to the low sin-
tering temperature (650 °C). Grain morphology showed a
dramatic change in shape and homogeneity in grain distri-
bution with doping. The connectivity and the upper critical
field (H») of the doped samples increased significantly and
reflected in the J; values. A recorded self-field J.(0) value
of the order of 10® A/cm? was obtained for the 6 at.% glu-
taric acid-doped sample. The connectivity, pinning force
strength, and H;, determined the excellent performance of
critical current density. We have optimized the dispersion
and percentage of the glutaric acid doping which has given
the best performance of electromagnetic properties.
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