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Abstract. Superconducting and normal-state properties of MgB, polycrystalline samples with
non magnetic (SiC) and magnetic (Co) dopant addition were analysed in order to study the
doping influence on the magnetic anisotropy of MgB, polycrystalline samples and to correlate
this influence with the doping-induced changes in band scattering processes. Both doping
typologies result in a decrease of the MgB, upper critical field anisotropy factor. For SiC-
doped samples this result is joined to an upper critical field (B,) shift toward higher
temperatures whereas Co doped samples exhibit a B, decrease. To guide the application road
map a theoretical approach to the analysis of the normal state resistivities (SiC doping) and of
the upper critical field dependence on temperature (SiC and Co dopings) was performed.
According to the anisotropy reduction scenario, band scattering rate as well as electron
diffusivity values obtained by these analyses showed for both the investigated doping
typologies an increase of intraband scattering processes in the more anisotropic o band
whereas the conductivity of 7z band remains almost unaffected.

1. Introduction

Superconducting- and normal-state properties of MgB, were found to be strongly influenced by its
multiband-band electronic structure - that can be approximated by one quasi-2D o band and one 3D 7
band with different energy gaps - and the consequent intraband and interband scattering mechanisms
[1-4]. Doping with different elements or compounds [2, 3, 5] is the most promising solution for a
controlled disorder introduction inside MgB, that, affecting both intraband and interband scattering
processes, changes its superconducting and normal-state properties and allows the production of more
and more competitive material. The best results in the enhancement of critical parameters such as the
upper critical field (B.,) and the critical current density (J;) as well as in the reduction of the material
intrinsic anisotropy were obtained with pure carbon [6-12] as well as with organic (carbohydrates [13-
15]) and carbonaceous inorganic compound (SiC, B4,C [9, 10, 16-18]) doping but also additions of
different metallic elements were successfully attempted [19-24].
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However the development of more and more efficient doping procedures cannot leave the
knowledge of the doping effect on the band conduction regime out of consideration. The analysis of
the dependence on temperature of the normal state resistivity as well as of the upper critical field are
among the best techniques to get information on the MgB, electron transport properties. The fit with
the p= py + aT™ law allows one to probe the influence of electron-phonon and inter-electron scattering
processes [5, 25, 26] whereas the fit with the classical Block-Griineisen expression allows obtaining
the Debye temperature of the compound as well as the strength of the electron-phonon coupling [26,
27] and the band contribution to the current transport [28]. Moreover, assuming a negligible interband
scattering, the multiband model proposed by Mazin et al. [29] allows evaluating the o and 7 intraband
scattering rates from the analysis of the resistivity behaviour [30]. On the other hand average Fermi
velocities can be obtained by the analysis of the temperature dependence of the upper critical field in
the framework of the Eliashberg model [31-33] whereas band electronic diffusivities can be directly
calculated by applying the models formulated by Gurevich [34] and Golubov and Koshelev [35].

In this paper we focus on the role of low-level C doping by SiC nanoparticles and Co doping in
affecting the anisotropy of magnetic properties of MgB, polycrystalline samples and on how this
anisotropy variation finds its counterparts in the change of band scattering processes. The samples
were grown by the Reactive Mg Liquid Infiltration (Mg-RLI) technique [36] that allows producing
MgB, manufacts of suitable sizes and shapes to take into account applicative tools such as magnetic
bearings, flywheels, magnetic shields [37].

Firstly the non-magnetic and magnetic doping influence on B, anisotropy factor, calculated by the
irreversibility (Bj;) and upper critical field analysis within the percolation model proposed by Eisterer
et al. [5, 38], is described. The influence on B, dependence on temperature is discussed, too. These
doping effects on macroscopic electrical transport properties are then correlated with the doping-
induced changes in band conduction parameters. Aiming at this the SiC-induced non-magnetic
impurity influence on band scattering rates, obtained by applying the model formulated by Mazin et
al. [29] to the analysis of the normal state resistivities, is presented and compared with the effects on
electronic diffusivities determined from the study of the B. vs. T behaviour within the model
suggested by Gurevich [34]. Then Co-magnetic doping influence on band scattering rates, evaluated
by the analysis of the B, vs. T curves in the framework of the Eliashberg theory [55], is outlined and
discussed.

2. Experimental details

2.1. Growth details

MgB, bulk samples were cut in parallelepiped bars (0.5-1 x 1-2 x 12 mm®) from large pellets obtained
by the Mg-RLI technique. This growth process offers several technological advantages: a) it does not
require hot high pressure machine but a conventional oven, b) it can be performed with a common
metallic containers and c) it allows producing manufactures with size larger than ten centimetres
suitably shaped to take into account different applicative tools [37].

Undoped samples were prepared starting from the elemental compound B (99.5% of purity) and

Mg (99.9 % of purity) by means of a thermal treatment at T = 900°C. After cooling the resulting MgB,
manufact occupies almost all the space initially filled by the B powder. More details on the growth
procedure are reported elsewhere [36, 39].
SiC-doped samples were obtained mixing a stoichiometric amount of Mg with a mixture of B powders
added with 10%wt of nanosized SiC powders with size of about 20-30 nm. X-ray diffraction pattern
reveals a small shift of the (hk0)-type MgB, peaks indicating a contraction of the a axis of the crystal
lattice of about 0.10 %, as expected in presence of small C substitution on boron site [40]. No new
phases, such as Mg,Si, BC or MgB,C, were detected [41]. This means that only a small fraction of
carbon entered the MgB, cell whereas the remnant part of the dopant stayed located at the grain
boundaries.
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Table 1. Critical temperatures and residual resistivity ratios of the three
investigated sample typologies

undoped SiC-doped Co-doped
T. (K) 38.80+0.05 38.50+0.05 36.45+0.05
RRR 5.0 5.4 4.2

Co doped samples were prepared by mixing microcrystalline B with an over-stoichiometric amount
of Mg-Co alloy (nominal 5wt% of Co). In agreement with [42] a and c axis of the crystal lattice keeps
substantially the same values of the undoped MgB,. This does not rule out that a small percentage of
Co enters the MgB, cell on Mg sites since the Co atomic radius is similar to the Mg one.

In both cases growth procedure of doped samples was similar to that of the undoped ones.

2.2. Electric transport measurement details

Sample resistivities, p, were measured using a standard four-probe technique. Magnetic field was
applied perpendicularly to the current direction. The critical temperatures, 7., evaluated from the
resistive-transition inflection-point and the residual resistivity ratios, RRR, calculated as the ratio
(300 K)/p(40 K) are reported in table 1. Both doped samples show a T, reduction.

The upper critical field value was determined from the intersection between the tangent to the
transition curve through the inflection point and the extrapolated normal-state resistivity. The
corresponding temperature in the (7, B) diagram will be henceforth labeled as onset temperature. The
irreversibility field was determined from the intersection between the tangent to the transition curve
through the inflection point and the baseline p= 0.

3. Experimental results and discussion

3.1. Upper critical field anisotropy factor

In polycrystalline samples the intrinsic anisotropy of the MgB,, limiting the sample cross-section
active in carrying current, can be considered responsible for the strong decrease of the critical current
in magnetic field. MgB, polycrystalline samples can be indeed modeled as an ensemble of randomly
oriented grains with the same properties and whose upper critical field only depends on the angle &
between the ¢ axis of the MgB, grain cell and the applied magnetic field direction [5, 38]. The
measured upper critical field corresponds to the upper critical field of the grains oriented in such a way
that their ¢ axis is perpendicular to the applied field direction (€ = m/2): these grains first become
superconducting upon cooling. By continuing to decrease the temperature in a given external field,
also grains with @ < /2 start to become superconducting. Accounting for this phenomenological
percolation theory [38] the resistivity drops to zero as soon as a first continuous superconducting
current path occurs, i.e. when the fraction of superconducting grains overcomes a critical value labeled
as percolation threshold, p. [43]. The irreversibility field, B, can be then identified as B, (&), i.e. the
upper critical field of the grains whose ¢ axis forms a 6, angle with the applied field ( p, = cos(@c) for
randomly oriented grains). Therefore in the framework of the anisotropic Ginzburg-Landau theory
[44] B can be written as:

B, (”/2) _ B, (”/2) _ B, (”/2)

Birr :Bc (Hc):
’ \/yz cos?(6,)+sin’(6,) \/(yz —1)cos2(90)+1 w/iyz —lipf +1

where 7 is the upper critical field anisotropy factor defined as B, (0=m/2) / B, (6=0) and B,
(6 =m/2) and B, (6 =0) are the upper critical fields of the grains with ¢ axis perpendicular and parallel
to the applied field direction, respectively. Thus yis calculated from the experimental values of B.,
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Figure 1. Ratios between the SiC-doped sample and the undoped sample y
values and between the Co-doped sample and the undoped sample y values.

and B, as:
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In figure 1 the ratios between the SiC-doped sample and the undoped sample y values and between
the Co-doped sample and the undoped sample y values are reported as a function of the reduced
temperature. For y evaluation we always assumed p. = 0.3117, which represents the critical packing
factor for a three-dimensional cubic-site system [45, 46]. To take into account that the resistive
transition broadening can be due also to other causes such as material inhomogeneities or thermal
fluctuations and since the anisotropy contribution disappears in zero applied field (B, (€ =m/2) = B,
(6=0)), we shifted the B;.(7) values introduced in (3.1) of a quantity equal to the transition
broadening measured in zero external field (by coarsely assuming that the other contributions to the
transition width do not significantly change with magnetic field and temperature).

Both SiC and Co doping-induced defects contribute to reduce y with respect to the undoped sample
in a reduced temperature range corresponding to the absolute temperature range 20-30 K, i.e. in the
temperature range more interesting for applications [47].

For the SiC doped sample this anisotropy factor decreasing, joined to the upper critical field shift
toward higher temperature (see figure 3) means a clear enlargement of the (B, T) application range. On
the contrary for the analyzed Co-dopant percentage the advantage of the anisotropy decrease are
partially shadowed by the lowering of the irreversibility and of the upper critical fields (see figure 4).
Such lowering could be ascribed to local modifications of the condensate due to the presence of
magnetic moments [48].

3.2. Band scattering rates and electronic diffusivities
3.2.1. SiC doped samples. Resistivity curves of typical undoped and low-level SiC-doped samples in

the range from 25 K up to room temperature and in a magnetic field of 1 Tesla are reported in figures
2(a) and 2(b), respectively.
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These curves were obtained by a suitable rescaling of the resistivity measured data in order to take
into account the effective grain connectivity. This procedure is based on the hypothesis that fully
connected MgB, should have a difference in the resistivity values between 300 and 40 K, 4p;., similar
to that of a single crystal [49]. As suggested in [50] we assumed Ap,. = 8.5 uQ cm. The resistivity of
the connected portions of the samples was then calculated as p.(T) = o T)-Aps/Ap, where p(7) is the
experimental resistivity curve and the scaling factor Ap,/4p represents the active fractional area. We
found Aps/Ap = 0.24 and 0.20 for the undoped and SiC-doped sample, respectively.

In order to evaluate the band scattering rates the p. vs. T curves were fitted in the framework of the
two-band model proposed by Mazin et al. [29] where we introduced transport spectral functions
suitably calculated from the standard Eliashberg functions. More details are reported in Appendix A.

Data were fitted by (A.1) where the plasma energies in o and 7 bands, i@y, iy -, as well as the
band impurity scattering rates, 7, and y, were considered free fitting parameters. The fitting curves
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Figure 2. Main frames: temperature dependent rescaled resistivity curves
evaluated for undoped (a) and SiC doped (b) samples in an applied magnetic
fields B =1 T (symbols: rescaled experimental data, full lines: fit with (A.1) -

see Appendix A). Insets: magnetic field dependence of the o and 7 band
impurity scattering rates of undoped (a) and SiC doped (b) samples.
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reproduce the experimental data measured both in zero and in applied magnetic field with great
accuracy (figure 2). As expected in samples where no preferential orientation is present, for both the
investigated samples the plasma energy values are in good agreement with the average over the three
crystallographic directions of the values calculated by Brinkman et al. [51], i@y, = 3.40 eV and i@y, »
= 6.28 eV. The plasma energy parameters were kept equal for the zero-field and in-field resistivity
analysis.

As expected [56] for both the samples we found y, < y,. Taking into account that in both the
samples the critical temperature is close to the theoretical one, we can deduce that the interband
scattering rate is very small and y,, and y, indicate the oand 7 intraband scattering rates, respectively.

SiC-doping induces an increase of y, values, whereas no appreciable change was detected in y,
(figure 2, insets). This indicates that SiC doping-induced defects mainly affect the ¢ channel, lowering
its contribute to the conductivity. It can be ascribed to the fact that C enters the MgB, cells on B
places, i.e. on planes where o band is localized. Taking into account the more anisotropic behaviour of
the o band with respect to the 7 band, this result fittingly explains the decrease of the upper critical
field anisotropy factor discussed in section 3.2.1.

This enhancement of the o intraband scattering is also consistent with the results of investigations
on C-doped MgB; single crystals [25, 52].

The lower contribution of the o band to the conductivity is also confirmed by the analysis of the
upper critical field within the model suggested by Gurevich [34] where the impurity scattering is
accounted for by the electronic diffusivity tensors D, and D, (see Appendix B for details).

Therefore B., (T) curves were fitted by the formula (B.1). Since the critical temperatures of both
undoped and SiC doped samples are close to the theoretical one, the interband scattering is again
assumed negligible. As plotted in figure 3 for both the samples the fitting curves agree very well with
the experimental data. We obtained D, = (2.56 + 0.06)-10* m* s, D, = (2.2 + 0.6)-10° m* s for the
undoped sample and D, = (2.11 £ 0.05)-10* m* s, D, = (1.9 + 0.4)- 107 m* s™' for the SiC-doped one.

This result confirms that SiC doping procedure mainly affect the o band conduction parameters

3.0
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2.0+

1.54
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3 34 36 38 40
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Figure 3. B, vs. T experimental curves for undoped and SiC-doped bulk
samples (symbols). The solid lines are the best fit to the experimental data by
(B.1) (see appendix B). Fit parameter values are the following: undoped sample
Dy=(2.56+0.06)-10" m*s”, D,= (2.2 £ 0.6)-10% m” s'; SiC-doped sample D,
=(2.11£0.05)-10"m*s", D,=(1.9£0.4)-10° m*s™".
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whereas the difference among the D, values of the two samples keeps within the experimental errors.

It is worthwhile to note that the decrease of the o band diffusivity of the SiC-doped sample is (17.6
+ 2.7)% and well agrees, within the experimental errors, with the increase of the o band scattering rate
of (20.9 £ 3.2)% calculated from the normal state resistivity.

3.2.2. Co doped samples — In order to investigate Co-doping influence on band scattering parameters
we analyzed the upper critical field dependence on temperature (figure 4) by applying the two-band s-
wave Eliashberg equations for B.,(T) [53] where we introduced the terms concerning the band scatting
rate from non-magnetic and magnetic impurities as detailed in Appendix C.

By fitting the upper critical field curve of the undoped sample with the equation system (C.1)-
(C.2), where the scattering rate parameters due to magnetic impurities are put equal to zero, we
obtained the two-band Fermi velocity: vg, = 3.8- 10° m/s and v, = 1.8-10° m/s. Then we reconstruct the
upper critical field curve of the Co-doped sample by applying again (C.1) and (C.2) where the above
evaluated two-band Fermi velocities as well as the other parameters already used for the undoped
sample B, fit were inserted. Since even very small values of the magnetic impurity scattering rates
(i.e. small amount of magnetic disorder) is expected to strongly decrease 7. [54] and the 7. decrease
measured in our Co-doped sample is lower than 3 K, we argue that the effective Co amount entered
the MgB; cells could be much lower than the nominal one. Thus we used in the calculus the same
electron-phonon coupling constants and normal densities of states used for the undoped sample.

We hypothesized three different scenarios ascribing the upper critical field lowering 1) to an

increase of the only interband magnetic scattering rate (7= 0, It = ¥ = 0), 2) to an equal

increase of the interband and of the c-intraband magnetic scattering rate (7.1 =7+, I’ =0), 3) to an

oo

increase of the

o0 undoped sample -
¢ Co-doped sample

T (K)

Figure 4. B, vs. T experimental curves for undoped and Co-doped bulk
samples (symbols). The dashed-dotted line is the fit of the experimental data of
the undoped sample by the equation system (C.1)-(C.2) (see Appendix C). The

other lines are the theoretical curves reconstructed by imposing 7/ ;\,f = 0.540
meV, I'M= '™ =0 (dashed curve), 7= = 0235 meV; I (short-
dashed curve) and 7 = 0.418 meV, I '= I'™ = 0 (solid curve). The
E]M values used in the calculus were determined imposing the coincidence of

the experimental and the theoretical onset temperature at zero-field.
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only o-intraband magnetic scattering rate (722 # 0, Io'= [ = 0). The corresponding theoretical

curves are reported in figure 4 superimposed to the experimental data. The magnetic band scattering
values indicated in the figure and used in the calculus were determined imposing the coincidence of
the experimental and the theoretical onset temperature at zero field. It is worthwhile to mention that an
increase of the 7 band scattering rate affects very slightly the onset temperature value and therefore
cannot be responsible of the B, curve shift [55].

The assumption that the Co addition increases the o band scattering rate gives the theoretical curve
that better describes the B, behavior of the doped sample. Therefore we conclude that also magnetic
impurities induced by Co-addition mainly affect the o channel justifying the decrease of the upper
critical field anisotropy factor reported in section 3.2.1.

This decrease of the o band conductivity induced by Co-doping well agree with the outputs
obtained from previous studies on disorder induced by Mn magnetic impurity introduction in MgB,
single crystals [54].

4. Conclusion

A combined electrical transport analysis of superconducting and normal-state properties of MgB,
polycrystalline samples with two different doping-induced disorder typologies was performed in order
to study the doping influence on the magnetic anisotropy of MgB, polycrystalline samples and to
correlate this influence with the doping-induced changes in band scattering processes. Non magnetic
(SiC) and magnetic (Co) dopant effects were investigated.

In both cases nanoparticle addition results in a decrease of the MgB, upper critical field anisotropy
factor especially in the temperature range 20-30 K more interesting for applications. For SiC-doped
samples this result, joined to the upper critical field shift toward higher temperatures, brings to an
enlargement of the (B, T) application range whereas in Co doped samples the anisotropy decrease
advantage is partially shadowed by the B, decrease.

According to this scenario the analysis of the normal state resistivity performed on SiC doped
samples as well as of the study of the upper critical field dependence on temperature performed on SiC
and Co doped samples shows an increases in the o intraband scattering processes whereas the
conductivity of the more isotropic 7 band remains almost unaffected.

The analysis of the influence of the impurities induced by new doping typologies on intra- and
inter-band scattering processes are in progress. Namely correlations between macroscopic dopant-
induced effects on electrical transport properties and disorder-induced changes in the band conduction
regime are a needed step for the development of doping procedures in polycrystalline samples aimed
at more competitive technological applications.
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Appendix A
In the two-band model proposed by Mazin et al. [29] the formula for the conductivity can be written
as:

(A.1)

— 8_0 Z (hwpl,i)Z

Pe (T) hijon Vit W’ij (T)

where
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2

/)
. Dot | @), ) @), )

w'(T)=(4n kBT)_[da)

ij
0 sinh(h% k Tj @
B

7 = I} + I}; is the sum of the inter- (I';) and intra- (I';) band impurity scattering rate present in the
Eliashberg equations [56], % wy,; is the plasma energy for the i-band and o’ F 'w,;7/(@) are the transport
electron-phonon spectral functions tightly connected with the superconducting electron phonon
spectral functions [57, 58]. Since transport spectral functions a’F «,7(@) have a similar behaviour to
that of the standard Eliashberg functions o/’F; () except at low frequency where o’ F 'w,;7(@) behave as

o', we defined o ’F'y (@) = by(c,.ja)4 G(%—wj+a2@(a))«9(w—%n where 0 is the

Heaviside function, Tp, is the Debye temperature and b;; are normalizing constants [41]. The constants
c; were determined in such a way to guarantee the continuity of the spectral functions.

Appendix B
In the framework of the model elaborated by Gurevich [34], by assuming the interband scattering
negligible, B, (T) curves were fitted by the formula:

ap[nt+U(h)|[Ine + Uyh)]+ a,[Int + U(nh)]+ a,[Int + U(R)]= 0 (B.1)
where t = T/T,, Ux) = H1/2 + x) - Hx), h = By D0 = D,(0) Hx) is the logarithmic
Cs s - 2¢0kBTCt s 77 DO_(Q)’ g

derivative of the Euler gamma function, ¢, is the magnetic flux quantum, D, (6) are the electronic
diffusivities of the o and 7 bands, respectively, and #1is the angle between the c-axis of the MgB, cell
and the applied magnetic field direction. ao, @, a, are constants derived from the superconducting
coupling constants, A;, determined from ab initio calculations [57]. Since our samples are
polycrystalline the measured B, values provide the upper critical field of the grains oriented with their

ab planes along the applied field. This means that @ = 1/2 and D, = /D>D¢_, where D;”,’, and

or’ " om >

D; . are the in-plane and out-of-plane diffusivities, respectively.

Appendix C

By following the microscopic model reported in Refs. 31-33 and taking into account the presence of
magnetic impurities inside the Co-doped sample the two-band s-wave Eliashberg equations can be
written as:

o,Z, (ia)n ) =w,+aT), Ay (ia)n —im,, )sign(a)m )+ > (F;I + F;A )sign(a)n ) (C.1)
mj

J

Z(iw,)A(io,)= ﬁrn;[A,j(iwn —iw,)- (@) 0(o-o,) z,(0,) Z,(0,)4,i(o,)+

C2
cx(ry - g o) 2 o) e)

where i and j are the band indices, @, = nT(2r-1) (n = 0,£1, £2,...) the Matsubara frequencies, @. a

cut-off frequency, EJ.N and Ij.jM the non-magnetic and the magnetic impurity scattering rates,

respectively, u';(@.) the Coulomb pseudopotential [32], 6 the Heaviside function, and Af(iw,) and
Z(1w,) the superconductive gap and the renormalization function of the j band, respectively. Finally
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A (ia)n - ia)m)z ]Oda) ajF (a))/ [(a)n -, )2 + a)z] - where a;.F (a)) are the standard Eliashberg
0

functions [57] — and ¥ (io,)= (2/\/,87]) qu exp(— qz)tan_l { q\/ﬂij/“mej (io, )‘ +ipgB,, sign(w,, )]}

- where 8, =7B, vﬁj / (2¢0), vg; 1s the Fermi velocity of the j band, ug the Bohr magneton and ¢, the

flux quantum.
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