Flux pinning mechanisms in graphene doped MgB:2 superconductors
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The effects of graphene doping on the superconducting properties of MgB2 were studied. We
found that small addition of graphene significantly improves the superconducting properties
of MgB2, with only a small reduction in Tc. Low resistivity, high critical fields, and enhanced
flux-flow activation energy were observed for the optimally doped bulk sample. The spatial
fluctuation in the transition temperature (8Tc pinning) is the flux pinning mechanism in
graphene doped MgB..
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Graphene doping

The discovery of superconductivity in MgB: at 39 K has attracted great interest around the
world, due to its high critical temperature (Tc), which is the highest among the intermetallic
superconductors [1]. Improvements in critical current density (Jc) in the presence of applied
magnetic field, the upper critical field (Hc2), and the irreversibility field (Hirr), have been key
issues in MgB:2 superconductors, as the critical current density of pristine MgB: drops rapidly
with increasing magnetic field, which is mainly due to its poor flux pinning and low Hc.
Carbon can be considered as the most successful dopant for enhancing Hc, as it causes strong

intraband electron scattering in the 6 and 7 bands of B-B bonds [2-6]. However, the carbon



doping comes with its own drawback of reducing T, which limits the application temperature
of MgB: [6].

Graphene is becoming recognized as a novel dopant for MgB., with its unique properties
stemming from its semi-metallic nature [7]. The difference between the thermal expansion
coefficients of graphene and MgB:> could form of lattice defects which are capable of
improving flux pinning [8]. However, whether superconducting properties can be improved
by a small addition of graphene is still unclear, and therefore, the focus of this study is on
improving our understanding of the microstructural changes that occur due to doping and
their effects towards enhancing the superconducting properties of MgB..

Graphene doped bulk samples were prepared via the diffusion method from crystalline boron
powder (0.2 to 2.4 pum) 99.999%, Mg ingot (99.84%), and highly reduced chemically
converted graphene (rCCG) as precursors. Highly reduced chemically converted graphene
(rCCG) was obtained by excessive reduction as reported by Dan Li et al.,[7]. The resulting
rCCG agglomerates were further treated with thionyl chloride, as reported by Eda et al.,[9] to
further improve the electrical conductivity.

Initially, boron and graphene powders were mixed by hand milling according to the formula
MgB2xCx, where x = 0, 1, and 5 mol % graphene. Powders were then pressed into pellets 13
mm in diameter and inserted into a soft iron tube with the stoichiometric ratio of Mg to B,
plus 20% excess Mg to compensate for the loss of Mg during sintering. The samples were
sintered at 800°C for 10 hours in a quartz tube at a heating rate of 5° Cmin! under high purity
argon (Ar 99.9%) gas.

The phase identification and crystal structure investigations were carried out using an X-ray
diffractometer (GBCMMA) with Cu-Ka radiation (A = 1.54059 A). The Raman scattering
was measured using a confocal laser Raman spectrometer (HORIBA Jobin Yvon system)

with a 100x microscope. The SEM images were taken using Zeiss Ultra Plus scanning



electron microscope. The superconducting transition temperature, T, was determined from
the AC susceptibility measurements, and the magnetic Jc was derived from the width of the
magnetization loop using Bean’s model [10] by a Physical Properties Measurement System
(PPMS). The resistivity measurements were conducted using the standard dc four-probe
technique under magnetic fields up to 13 T. The upper critical field (Hc2) and the
irreversibility field (Hir) were determined using the 90% and 10% criteria of R(T) for
different applied fields, where R(T) is the normal state resistance near 40 K. The active cross-
section (Ar) was calculated from the resistivity, p, using Rowell’s model [11].

The room temperature X-ray diffraction patterns (XRD) of undoped and graphene (G) doped
MgB: show all the Bragg reflections of the hexagonal MgB: structure. Table 1 shows the
critical temperature, lattice parameters a and c, and full width at half maximum (FWHM) of
the (110) diffraction peak values of undoped and G-doped MgB: bulk samples. Only a slight
decrease in critical temperature is observed due to graphene doping. Even at the 5% doping
level, Tc is decreased by just 1 K, which is not common with other carbon sources [3, 4]. The
refinement results revealed that the a-parameter is slightly reduced with increasing doping
level, which indicates that carbon is substituted into B sites [2]. Increased FWHM of the
(110) diffraction peak for the graphene doped samples also gives evidence of strain effects
that occurred due to graphene doping [12]. As chemical substitution can affect the crystal and
electronic structure, as well as the degree of disorder, substitution can alter the phonon
spectrum, by changing the phonon frequency and electron-phonon coupling strength [13].
There are three peaks observed for all the samples. The peak centred around 600 cm™ arises
from the E2g phonon mode representing the in-plane B bond stretching, whereas the other two
peaks represent the phonon density of states (PDOS) due to disorder. As evidenced by Figure
1a, a slight Raman shift to lower frequency near 600 cm™ can be observed for the optimally

doped sample (G 1%), which gives clear evidence of induced tensile strain in the 1%



graphene doped MgB. sample. However, as the doping level increases, the E>q phonon peak
shifts to the higher frequency side, which indicates that the weakening of the electron-phonon
coupling by carbon substitution dominates the induced tensile strain effect [13]. Figure 1b,
and 1c and 1d show the SEM images of the undoped, 1% G-doped and 5% G-doped samples
respectively. It can be seen that graphene doped samples are highly dense, and with well
connected grains than the undoped sample.

Figure 2a shows the in-field Jc performance at 5 and 20 K for undoped and graphene doped
bulk samples. Critical current density curves for the doped samples show strong improvement
over that of the undoped sample at 5 K. At the optimal doping level (graphene 1 mole %),
there is nearly 43 times improvement compared to the undoped sample at 8 T, 5 K. The
critical current density at high fields near Hc2 is mainly governed by Hcz, hence higher Hco
leads to a higher Jc [14]. This, together with improved connectivity factor explains the reason
for higher Jc observed in 1% G-doped samples at high fields. However, the optimal Jc value
at high fields reported in this paper is lower than the one reported by Xu et al.,[8], owing to
the difference in the experimental route, where, it was produced by boron powder which is
ball milled in toluene medium with graphene. This also gives one reason for the difference of
the optimal doping levels in each case. Furthermore, the graphene production routine is also
influencing on the optimal doping level as it can vary the amount of carbon and oxygen
remaining in the graphene. We believe both these reasons account for such a low optimal
doping level in this study. At zero field, 20 K, all samples showed quite high critical current
density values of more than 4.1 x 10° A/cm?, and there was no Jc degradation observed at
zero field for the doped samples. At zero field, all the defects act as point pinning centres and
Jc linearly increased with Hcz [14]. The connectivity is also a major factor which governs the
self-field Jc [15]. Therefore, the improvement in the critical current density at zero field at 20

K, can be attributed to improved connectivity and upper critical field due to graphene doping.



Figure 2b shows the normal state resistivity of undoped and graphene doped MgB: bulk
samples. Although it is very common to show increased resistivity for MgB2 doped samples,
as the carbon doping reduces the electron mean free path, these samples showed a reduced
resistivity after doping. However, the effective area factor appears to be more dominant in
determining the resistivity of these MgB> samples. The active cross-sectional area (Ar) for
undoped, 1% G-doped and 5% G-doped MgB- was 0.157, 0.250, and 0.19 respectively. The
value Ar has increased due to graphene doping, which provides a clue to the reduction in
resistivity. This improvement in the connectivity is confirmed by SEM images given in figure
1b, 1c and 1d. However, the improvement of Ar for the 5% G-doped MgB: is lesser than the
1% G-doped MgB2, which reasons out the reduction of J. performance of it, as the over
doping tends to reduce the intergrain connectivity [11]. RRR, i.e., the ratio of the resistivity at
300 K to that at 40 K, reflects the degree of electron scattering. The RRR for undoped, 1% G-
doped and 5% G-doped MgB> was 3.68, 2.81, and 2.87 respectively. When the electron
scattering is high, it causes a reduction in the RRR values. The observed RRR values for the
graphene doped samples are smaller than that of the pure sample, which is in a good
agreement with the literature [11, 16].

It is well known that the core interaction, which is dominant in MgB, is described with two
mechanisms named 6T¢ pinning and 81 pinning. The 6Tc pinning is caused by the spatial
variation of the Ginzburg-Landau (GL) coefficient o associated with disorder in the T, and
the 9l pinning is caused by the variation of the charge-carrier mean free path | near lattice
defects [17]. According to the model proposed by Qin et al.,[17], &T: is the prominent
pinning mechanism in pure MgB>. Further, it defines that the crossover field, Bsy, as the field
separating the single vortex regime from the regime where the vortices form small bundles,

below which the Jc is almost independent of the applied field. (Bsy is taken as the field at



which the Jc drops by 5% compared to the Jc at zero field.) The variation of Bs, with reduced
temperature (t = T/T¢) for 6T and 3l pinning is given by Egs. (1) and (2), respectively:

Bsb = Bsv(0) [(1-t2)/(1+t%)]%3 1)
Bsb = Bsv(0) [(1-t2)/(1+19)]? 2)
As observed from Figure 3, the curve representing the 6T pinning is in good agreement with
measured data for the 1% G-doped sample, while the data for the 5% G-doped sample shows
a slight variation from &Tc pinning behaviour, although it does not fit with &l pinning.
Generally, carbon doped MgB: obeys 8l pinning, owing to the increased scattering and hence,
the reduced charge-carrier mean free path | near lattice defects [5, 18]. This again points out
that graphene acts differently from other carbon sources when doped into the MgB> matrix.
Broadening of the resistive transition due to thermally activated flux flow (TAFF) in undoped
and graphene doped bulk samples was studied in order to determine the relationship between
the flux-flow energy barrier, Uo, and the applied magnetic field. The main mechanism of flux
creep or flux flow in MgB: is the thermal activation of flux line motion over the energy
barrier Uo of the pinning centres, and this is indicated by a broadening of the resistive
transition [19]. This broadening is explained in terms of a dissipation of the energy arising
from the motion of vortices. Therefore, it is considered that the resistance in the low

resistance region depends mainly on thermally activated flux flow, which is given by Eq. (3):
p(T, B) = po exp[-Uo/ksT ] ©)

Here, Uop is the flux-flow activation energy, which can be obtained from the slope of the
linear part of the Arrhenius plot, po is a field independent pre-exponential factor, and kg is
Boltzmann’s constant [19]. Figure 4a shows the Arrhenius plot for 1% G-doped sample. All
curves show linear behaviour at low temperature, which indicates that the dependence of Ug
is approximately linear at low temperature, and as the temperature goes up, it levels off at a

field independent value which corresponds to the normal state resistivity [19]. As revealed in



Figure 4b, an enhanced value of Up can be seen for the G-doped samples in the low field
region, especially at the optimum doping level. The field dependences of Ug for all samples
showed a weak relationship with increasing field up to B = 4.5 T, where single-vortex
pinning dominates. The undoped sample follows the power law Uo oc B0%, whereas the
power for 1% G-doped and 5% G-doped samples was around -0.75. The activation energy for
all samples shows stronger field dependence at higher field, which is characteristic of
collective creep [20]. However, the field dependence of Ug for the undoped sample follows
the power law U oc B>#, whereas the powers for the 1% G-doped and 5% G-doped samples
were -2.14 and -2.81 respectively, which indicates less field dependence of Ug compared to
the undoped sample.

In summary, a systematic study of the effects of graphene doping on the superconducting
properties of MgB> has been conducted and improvements in superconducting properties,
such as critical current density, and critical fields were observed due to graphene doping.
Refinement results together with Raman analysis have shown that graphene doping leads to
tensile strain in the MgB: lattice. We found that 3T pinning is the flux pinning mechanism in
graphene doped MgB:. A noticeable enhancement in the flux-flow activation energy, Uo, was
observed in graphene doped MgB: at low fields. All these improvements have positively
affected on the enhancement of J¢, at the optimal doping level sample. Graphene is a novel
and promising dopant for effectively enhancing the superconducting properties of MgB:
without much reduction of T¢. Furthermore, we believe that graphene can also be used as a

co-dopant for further enhancement in J. performance.
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TABLE 1. Lattice parameters and full width half maximum (FWHM) variation with doping level.

Graphene Te Lattice Lattice FWHM
(K) parameter a parameter ¢
doping level (%) A) (A) (110) (
0 38.9 3.086(1) 3.526(1) 0.335
1 38.3 3.085(1) 3.527(1) 0.480

5 37.9 3.083(1) 3.524(1) 0.400




Figures Captions:
Figure 1.(a). Raman spectra with Gaussian fitted E»y mode and phonon density of states (PDOS) for
undoped and graphene doped MgB.. (b), (¢) and (d) SEM images for undoped, 1% G-doped and 5%

G-doped MgB: bulk samples respectively.

Figure 2. (a) Variation of the critical current density with applied magnetic field and (b) Variation of
the resistivity with temperature for undoped and graphene doped MgB: bulk samples. Inset in (b)

shows the variation of the normalized resistivity with temperature.

Figure 3. Temperature dependence of the cross over field Bs, for 1% graphene doped MgB; bulk
sample (a) and 5% graphene doped MgB; bulk sample (b).

Figure 4. (a) Arrhenius plot for resistivity at different magnetic fields for 1% graphene doped MgB:
bulk sample and (b) the dependence of the activation energy Uo/ks on magnetic field for undoped and

graphene doped MgB: bulk samples.
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