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Prominent bulk pinning effect in the MgB, superconductor
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We report the magnetic-field dependence of the irreversible magnetization of the recently discovered binary
superconductor MgB For the temperature region df<0.9T., the contribution of the bulk pinning to the
magnetization overwhelms that of the surface pinning. This was evident from the fact that the magnetization
curvesM (H) were well described by the critical-state model without considering the reversible magnetization
and the surface-pinning effect. It was also found thatMi{&1) curves at various temperatures scaled when the
field and the magnetization were normalized by the characteristic scaling f&tt¢il§ andM* (T), respec-
tively. This feature suggests that the pinning mechanism determining the hysterkgisl)nis unique below
Te.
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I. INTRODUCTION II. EXPERIMENT

A commercially available powder of MgB(Alfa Aesal
fRef. 15 was used to make a pellet. High-pressure heat treat-
ment was performed with a 12-mm cubic multianvil
presst®l’ The pellet was put into a Au capsule in a high-

ressure cell. AD-type thermocouple was inserted near the
u capsule to monitor the temperature. It took about 2 h to
(ﬁressurize the cell to 3 GPa. After the pressurization, the

In the mixed state, the magnetization of superconductor;
is a combination of two different contributiond/ ., and
Mir. Mgqis the equilibrium(or reversiblg magnetizatioh
and M, is the irreversible magnetization. The former is
caused by the equilibrium surface current. The latter arise
from the surfacéBean-Livingston barrier effect as well as

the bulk pinning due to the interaction between vortices an : . i o
eating power was increased linearly and then maintained

various defects within the superconductor. The surface bal )

rier originates from the competition between two fordes constant for 2 h. The sample was sintered at a temperature of
an attractive interaction between a vortex and its image vorg’sg: ?53\/ |C r?ng tkg)en tqgggcrr:fd tg drc\),\?m tegnp(:rztgr%r:r}ﬁ
tex and(b) a repulsive interaction between a vortex and theZ?ampeteer :ngd % Sam?rle in hei hq[ a'll'he rﬁ; r?e'fi);atio.n CUIVeS
surface-shielding current. For high: cuprate superconduct- ' gnt. 9

ors, the irreversible magnetization at low temperatures igvr:are r;e\;aitsurrend b?]/ UtS|rr]119 t(agup:trcr(:lnguctilnr? (Iq\;ljgp/;tg(r?_mterfer-
dominated by the bulk pinning. However, the role of the €MNCE device magnetometgpuantu esign, <L).

surface-barrier effect becomes significant as the temperature
approaches toward, .2

Recently, superconductivity in a noncuprate binary com-
pound MgB was discovered by Akimitsu and co-workers  Figure 1 shows the temperature dependence of the zero-
This material is known to be type-Il superconductor with thefield-cooled magnetization measured-at 20 Oe. From this
Ginzburg-Landau parametex~26 and T,=40 K° and figure, we found that the superconducting transition tempera-
various experimental stud&$3have been carried out to elu-
cidate the fundamental properties of this superconductor.

In the mixed state, the magnetic behavior of MglBas
been known to resemble that of the conventional supercon-
ductors such as Nb-Ti and NbgnLarbalestier et al®
showed that the parametel®?°AM%% is linear inH over a
wide range of temperature as in Min, where theAM
(e<J;) is the magnetic hysteresis M (H). They also re-
ported the proportionality of the irreversible fidit},(T) and
the upper-critical fieldH .»(T), which are usually indepen-
dent in highT, cuprates.

In this work, we measured magnetizatidh(H) of MgB, , , , ,
superconductor as a function of the external magnetic field to 0 10 20 30 40
elucidate its pinning properties in detail. We found that the T (K)

M(H) curves for various temperatures can be described by

the exponential critical-state modéIFrom this analysis, we FIG. 1. Zero-field-cooled magnetizatiow (T), of MgB, for
present evidence of the significant role of bulk pinning inH=20 Oe. This curve reveals the superconducting transition tem-
this system even up t®/T.~0.9, which is contrary to the peratureT, and the transition widtiA T to be about 37 K and 1 K,
case of hightf, cuprates. respectively.

Ill. RESULTS AND DISCUSSION

47M (G)
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FIG. 2. Magnetization curve(H) measured in the region 1.0
5 K=T=<33 Kand—5 TsH<5 T. =
g 05¢ 08 107
ture T, and the transition widtlAT, were about 37 Kand 1 S ¢k 0 n b 00 o
1

K, respectively:’
Figure 2 shows the magnetization curved,(H), of 05}
MgB,, which were measured in the temperature region of

5 K<T=33 K.8 One notable feature is the symmetry in o S
the increasing and the decreasing-field branchedife0.5 30 20 -0 O 10 20 30 40 30
T,i.e, M(H")=—M(H"), whereM(H"*) andM(H ") are H/HA(T)

the magnetizations in the increasing and the decreasing-field
branches, respectively. Such a feature can be commonly FIG. 3. (a) Magnetization curvéM(H) at T=10 K. The solid
found in previous reports®3 This means that the contribu- ne represents the theoretical curve for the exponential crltlcal-_s_tate
tion of the equilibrium magnetization and the surface pinninngdel' The I!ne denote_s the absolute value of the average grltlcal-
is negligible compared to that of the bulk pinning. The irre- current densityde(H) =(j(h(r))) calculated from the decreasing-
versible magnetization can be described by various criticalt'em'_branch of the theqretl_cal magnetization cunvdatl0 K. )
state models. The Bean motfehas been used to calculate SC3/Ng Of the magnetization curvé(H) in the temperature re-
the critical-current density of superconducting materials. Thé"odnHi (KsTtsi;’ K. The inset illustrates the definitions of
model assumes that the slogb(r)/dr is constant and field an seete
independent, wherb(r) denotes the local magnetic induc- _ . . _ .
tion inside a sample. Thus, the critical-current dengay  Where sgnf) is the sign function and is the speed of light.
irreversible magnetizatiorshould also be field independent, N cylindrical coordinates, we obtain an average magnetic
which is contrary to most experimental results. induction(h) of a sample with a radiua

Other critical-state models, such as the exponéfitaid
the Watsof’ models, which take into account the field de-

L. . 1 a (2w
pendence of the critical-current density, can be used to de- (hy=B=H+47M= _f f h(r)dedr. (4
scribe the irreversible magnetization properly. In the frame ma’Jo Jo
of the Watson model, the critical-current densjyh(r)), is
given by

If the surface-barrier effect is ignored, the boundary condi-
tion for h(r) is h(r=a)=H, whereH is the external mag-
jc(h(r)=jo(1+[h(r)|7ho), (1) netic field.
Figure 3a) shows our attempt to f¥1(H) atT=10 K by
wherej, andhg are adjustable parameters that depend on thasing Eq.(4) with the exponential critical-state model with
material. The exponential model proposes that the critica]ja=697 emu/cm andh,=0.93 T. For the theoretical de-

current density has the form scription of theM(H), we can choose an arbitrary number
for a sample sizex within the constraint that the multiplier
i.(N(r)=joexd —|h(r)|/hy], (2)  Joais aconstant. As one can see, the data are well described

by the critical-state model without considering the contribu-
where j, and h, are again adjustable parameters as in théion of the reversible magr)et_izati_on and t_he surfa_ce—barrier
Watson model. According to Ampere’s law, the field gradi- gffect. As stated before, this implies that, in 'the.mlxed state
ent inside a sample is given by in the MgB, superconductor, the magnetization mainly
comes from the contribution of the bulk-pinning effect. A fit
using the Watson model was also attempted, but was poor
dh(r) _ : 4_77 h 3 for all adjustments of the parameters. The dashed line of Fig.
dr sgrtj) c Je(h(r)), @ 3(a) represents the average critical current densitfH)
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=(j(h(r))) calculated from the decreasing-field branch of 0 0.6
the theoretical magnetization curve assuming the grain size ®  H-4nMD 05
a=25 um. — 50| °m =
We note that the shapes of tihé(H) curves shown in s s
Fig. 2 are remarkably similar to each other. This suggests E -100 ¢ 03 &
that the vortex-pinning mechanism in MgBoes not change ko) &
even as the temperature is varied up to riear More con- s 150y 02 &
crete evidence for this can be found from the scaling analysis 104
of theM(H) curves. For the scaling of tHd (H) curves, we -200 |
0.0

define two phenomenological parameters as shown in the
inset of Fig. 3b). H* (T) means the field where the absolute
value of magnetization in the increasing-field branch reaches
its maximum valugéM* (T)|. We divided theM and theH in FIG. 4. Temperature dependence of phenomenological param-
each curve of Fig. 2 by-M*(T) andH*(T), respectively. etersM* andH* —47M* D, whereD is the demagnetization factor
The result is shown in Fig.(B). Without any exception, all of the sample. Solid lines represent linear least-squares fits of the
the curves collapse on a single universal curve. The solid lindata.

in the figure denotes the exponential critical-state model,

This result is consistent with the scaling of the pinning force,?rir:']v (tahgr:(or\;\vr%%r gn;?;;} saofnr?]‘;g]éltri]ze;%(mpisva:;tusrzoﬁrj

Fp(H)*HJ, in a tsemperature range di=0.5T reported o rentiates MgB from other cuprate high. materials with
by Larbalestieet al® In case of hight, cuprates, such scal- Hi~(To—T)1®

ing behavior of theM (H) curves is established in a limited
low-temperature region. This implies that the fundamental IV. SUMMARY
mechanism determining the magnetic hy§teresis at low tem- In summary, we measured the magnetization curves
peratures changes as the temperature is increased tdward M(H) for metallic MgB, superconductor, which has &
For Bi28r2CaCL4108 (B|-2212), while the bulk pinning is =37 K, in the region 5 KT<33 K :’ind -5 T<H
dominant at low temperatures, the contribution of the surfacec5 1. The magnetic hysteresis in our experimental region
or geometrical barrier effects to the magnetization becomeg;as well described by the exponential critical-state model,
more important as the temperature is increas&Hus, uni-  without considering the reversible magnetization and the
versal scaling oM (H) is not seen in Bi-2212. surface-barrier effect. Also, we found that all the magnetiza-
Figure 4 shows the temperature dependence of the scalinn curves collapsed onto a single universal curve when the
parameterdd* (T) and M*(T) used in the above analysis. field and the magnetization were normalized by the charac-
The right axis forH* (T) in the figure was corrected by the teristic scaling factorsH* (T) and M*(T), respectively.
demagnetization factob =0.42. The value ofD was ob- These results lead us to the conclusion that the irreversible
tained from the low-field susceptibility curve in Fig. 1 as- magnetization of MgB is dominated by bulk pinning and
suming 100% magnetic screening. It was obvious that théhat the pinning mechanism does not change even when the
M* andH*(T)—47M*(T)D scaled linearly with tempera- temperature is varied up /T.~0.9.
ture as indicated by solid lines. The linearity k*(T)
—47M*(T)D requires a linear temperature dependence of
the irreversible fieldH;, where the magnetic hysteresis dis-  This work was supported by the Ministry of Science and
appears. This is because the normalized hysteresis curv@gchnology of Korea through the Creative Research Initia-
M(H) for T<0.9T, collapsed into a single universal curve tive Program.
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