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Abstract

The thermodynamic critical field, has been obtained from the equilibrium magnetization of Mgierconductor. The entire hysteresis
loops have been found to scale with such that théM/H, curves follow closely universal behavior over a wide temperature range. The peaks
in the pinning force curves have been found to scale with the vortex line energi;)asNloreover, the positions of the normalizEgimax
occur at about 0H;, significantly lower than what is expected from Dew-Hughes model.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ~(H¢)2. In this approach, we avoid determinikig, and ex-
tend the applicability of pinning theories to a very low fields,
Since the discovery of superconductivity in MgB], ma- nearH. where,Hc = Heoli (/2.

jor effort has been devoted towards understanding the basic  Recently, Willemin et al. have confirmed that the re-

physical properties of this binary intermetallic compound. versible magnetization is indeed close to the average value of
The simplicity of the structure and the relative ease of prepa- the magnetization. Willemin et al. used a small transverse ac
ration have clear advantage in probing various aspects of thefield to ‘shake’ the vortex lattice out of the non-equilibrium
BCS theory at intermediate transition temperatures in this to the equilibrium ‘reversible’ configuratida3]. Hence, one
old new superconduct¢2]. For example, the Boron-isotope  can use the equilibrium magnetization to evalud¢eover a
effect has revealed the importance of phonon frequenciesmuch wider field and temperature range.
[3]. Moreover, thermodynamic properties, transportmeasure- ~ Such an approach has been recently used to evatate
ments and the phonon density of states strongly suggest thator MgB,, polycrystalline[4] and single crystaJ14] over
MgB; is likely to be a phonon-mediated s-wave supercon- a temperature range that extends much below the reversible
ductor [4-8]. Recent Raman spectroscopy agrees with the magnetization range.
strong-coupling calculations and supports the conventional  |n this paper, the equilibrium magnetization is used to
electron—phonon coupling mechanigéh. evaluate the thermodynamic critical fieldd) and used it in

In an attempt to sort out the fundamental mechanisms re-a systematic way to study the scaling behavior in MgB-
sponsible for pinning in borocarbidi], stripe phase super-  perconductor usingc as a single scaling parameter. Namely,
conductorg11] and other high temperature superconductors the entire hysteresis loops and the peaks in the pinning force
[12], we have recently proposed using the thermodynamic [Pimax)]- Scaling of thePsmax) with Hir is also presented
critical field He (rather tharHir, Hmax Or He2) @s a single  and compared with our approach.
scaling parameter. In this analysis, pinning force has been
scaled by the condensation energfHc)? and represented
versusH/Hc. Moreover, the peak in the pinning forEgmax) 2. Experimental technique
has been found to scale with the energy of the single vortex

Appropriate amounts of shiny Mg (99% purity) strips and
E-mail addresskazig@kfupm.edu.sa. B (99.5% purity) coarse powder were mixed and wrapped in
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a Ta sheet, under Ar-gas. The sample was sealed under Ar-
gas in stainless steel tube and annealed under Ar-gas flow at
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950°C for 2 h. The tube was water-quenched to room tem-

perature. Magnetization measurements were performedona 40

9-Tesla PAR-4500 vibrating sample magnetometer (VSM).

The magnetic moment was calibrated using a standard Ni-
sample and the temperature was monitored using a calibrated

carbon-glass resistor.

3. Results and discussion

The free energy is commonly evaluated using the area

under the reversible ‘equilibrium’ magnetizatieq using
fMequ=—(Hc)2/87r, where Mgq can be obtained using
Bean’s relationMeq= (M1 + M2)/2, M1 andM> are the de-

scending and ascending branches of the hysteresis loop. Here

H. is the thermodynamic critical field.

The hysteresis loop and the evaluated equilibrium mag-

netization obtained at 30K is presentedrig. 1a. The inset
of Fig. 1shows the susceptibility changes with temperature.

The graph reveals that the superconducting volume fraction
near 4K is almost 100% and the transition temperature is

~39K (Ton)-

The free energy data has been used to evalgtibe ther-
modynamic critical field, in the temperature range 4-37 K.
The results are presented versus-(%) on log-log scale in
Fig. 1b. Heret=T/T. is the reduced temperature.

The irreversibility fieldH;,, is taken as the field at which
AM drops within the resolution of our VSM~10~° emu).
TheHj, values are also presentedHig. 1b.

TheHj; andH. curves are nearly parallel indicating that
both fields vary as~(1—t?)* with «~ 3/2. The exponent
value forHj, field is what one expects from 3D flux creep in
high temperature superconductf#5§]. Similar behavior has
been recently found for MgBthin film [16].

The fitted H; data yield: Hp=5.58kOe and
dH:/dT~ 0.220kOe/K atT; (~39K) and «~1.55 de-
viating from o~ 1 expected from the two fluid model.
Reanalyzing the Finnemore et al. measurement$ifowe
obtaina ~ 1.2, however these data are very closgd4].

It is interesting to note that there is a spread in the re-
ported value oHg in various MgB samples. It ranges be-
tween 2.80 kOe for single crystHl4] and 6.5 kOe for poly-
crystalline [4]. However, the ratidHp/T; remains close to
0.140kOe/K, which is about half the ratio obtained for the
classic Nb superconductor.

Using the electronic specific heat coefficient
y & 2.53mJ/K [2], we obtain for the ratig/(T¢/Hp)? &~ 1.30
which is much larger than what the BCS theory predicts
(=0.17) for conventional superconductof2,17]. The
quantityy(T¢/Ho)? can also be used to evaluate thever’
energy gap, we have;
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Fig. 1. (a) Hysteresis loop and the equilibrium magnetizatioma80 K
obtained using Bean’s model. Inset susceptibility changes with temperature.
(b) Variations of the thermodynamic critical field and the irreversibility field
with (1 —t2). The solid line is the best linear fit.

2A(0)
kTe

=1.27

)

The result of Eq.(2) is about half what is expected
from BCS theory. This gives a “lower” energy gap
(2A(0)) ~4.37 meV in close agreement with tunneling mea-
surements of Bader and N&8] and Raman spectroscopy
data[9].

In Fig. 2we present the hysteresis loops normalized by the
thermodynamic critical field adl,, = M/H¢ versush, = H/Hc.

The loops forT=4-33K follow nearly a single hysteresis
loop. The position of the minima for all temperatures falls
at abouth=0.5 H=0.5H), though its amplitude is reduced
significantly at 33 K. The descending branches closely fall
on a single upper branch of the universal loop. Moreover,
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Fig. 2. Normalized hysteresis loops between 4 and 38k=M/H; vs.

hn =H/Hc. tors, where the peaks occurs atH.4H;, [19-21,23] It is
expected from Dew-Hughes model that the normalized peak

the bifurcation pointffy; = Hir/Hc) nearly remains at about  occurs at aboud =0.5Hj;y, and its position increases with

hirr = 6 for all measured temperatures, indicating thatmay increasing the density of defedi22,23] The low h-value
also scale wittH. and follows similar temperature depen- obtained here may indicate that defect density in this sample
dence. This clearly supports the parallel linetg(andHc) is low, or they may not form effective pinning centers. These
behavior seen ifrig. 1b. findings are in line with the notion tha is transparent “in-

The data presented ifrig. 2 reveals that for fields sensitive” to grain boundaries in MgBuperconductor.
just aboveh~1 (H~ H), the width of the loops (hence
Jn=Jc/Hc) remains essentially constant with temperatures
below 30 K. 5. Conclusion

The equilibrium magnetization has been used to evalu-
4. Pinning force ate the thermodynamic critical field over a wide range of
temperature (4-37K). Thel; data was fitted to (% t2)*
The volume pinning forceRp) is obtained from the critical ~ with o~ 1.55 deviating fromx~ 1 expected from the two
current density measurements. The peaks in the pinning forcefluid model. The ratioHo/Tc~ 140 is about half the ra-
curvesFpmaxy, occur between 2 and 6 kOe, which is substan- tio obtained for the classic Nb superconductor. Moreover,
tially lower than the corresponding value for YEBazO7 (at y(Te/Ho)?~ 1.30, is a much larger value than what the BCS

77 K) or NbTi and NBSn superconductof49-22] theory predicts#0.17) for conventional superconductors.
The similarity of temperature dependenceafandHiy The entire hysteresis loops at various temperatures have
shown inFig. 1b suggests th&. can be used (instead df;;) been shown to follow universal curve M/H¢ versusH/Hc

to scale the pinning force. This is further confirmed by the representation. The width of the loops, hence the normalized

data shown irFFig. 3in which the peak in the pinning force  critical current densities are found to change systematically

Fpmax) is presented versudi, and versusH. on log-log with temperature and magnetic field. Moreover, the maxi-

graph. The data for both cases fall on parallel straight lines mum pinning forceéFpmax) is proportional to Klc)? which in

with similar exponents. The best linear fittiy, datareveals  turnis proportional to the line energy of the vortex. The nor-

thatFpmax)~ (Hirr)? is in agreement with what is commonly  malized peak of the pinning force occurs at lowalue may

used in scaling of the pinning for¢&3,15,19] indicate that defect density in this sample is low, or they may
The data irFig. 3also suggests thBp(max) ~ (Hc)?, which not form effective pinning centers.

means thal; can be used as a scaling parameter justias

However, in this analysisH)%/8x is the vortex core energy
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