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Prominent bulk pinning effect in the MgB2 superconductor
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National Creative Research Initiative Center for Superconductivity and Department of Physics,

Pohang University of Science and Technology, Pohang 790-784, Republic of Korea
~Received 21 February 2001; revised manuscript received 2 April 2001; published 15 June 2001!

We report the magnetic-field dependence of the irreversible magnetization of the recently discovered binary
superconductor MgB2. For the temperature region ofT,0.9Tc , 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 that theM (H) curves at various temperatures scaled when the
field and the magnetization were normalized by the characteristic scaling factorsH* (T) andM* (T), respec-
tively. This feature suggests that the pinning mechanism determining the hysteresis inM (H) is unique below
Tc .
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I. INTRODUCTION

In the mixed state, the magnetization of superconduc
is a combination of two different contributions,Meq and
M irr . Meq is the equilibrium~or reversible! magnetization1

and M irr is the irreversible magnetization. The former
caused by the equilibrium surface current. The latter ar
from the surface~Bean-Livingston! barrier effect,2 as well as
the bulk pinning due to the interaction between vortices a
various defects within the superconductor. The surface
rier originates from the competition between two forces,~a!
an attractive interaction between a vortex and its image v
tex and~b! a repulsive interaction between a vortex and
surface-shielding current. For high-Tc cuprate superconduct
ors, the irreversible magnetization at low temperatures
dominated by the bulk pinning. However, the role of t
surface-barrier effect becomes significant as the tempera
approaches towardTc .3

Recently, superconductivity in a noncuprate binary co
pound MgB2 was discovered by Akimitsu and co-worker4

This material is known to be type-II superconductor with t
Ginzburg-Landau parameterk;26 and Tc.40 K,5 and
various experimental studies6–13have been carried out to elu
cidate the fundamental properties of this superconductor

In the mixed state, the magnetic behavior of MgB2 has
been known to resemble that of the conventional superc
ductors such as Nb-Ti and NbSn3. Larbalestier et al.8

showed that the parameterH0.25DM0.5 is linear inH over a
wide range of temperature as in Nb3Sn, where theDM
(}Jc) is the magnetic hysteresis inM (H). They also re-
ported the proportionality of the irreversible fieldH irr(T) and
the upper-critical fieldHc2(T), which are usually indepen
dent in high-Tc cuprates.

In this work, we measured magnetizationM (H) of MgB2
superconductor as a function of the external magnetic fiel
elucidate its pinning properties in detail. We found that t
M (H) curves for various temperatures can be described
the exponential critical-state model.14 From this analysis, we
present evidence of the significant role of bulk pinning
this system even up toT/Tc;0.9, which is contrary to the
case of high-Tc cuprates.
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II. EXPERIMENT

A commercially available powder of MgB2 ~Alfa Aesar!
@Ref. 15# was used to make a pellet. High-pressure heat tr
ment was performed with a 12-mm cubic multianv
press.16,17 The pellet was put into a Au capsule in a hig
pressure cell. AD-type thermocouple was inserted near t
Au capsule to monitor the temperature. It took about 2 h
pressurize the cell to 3 GPa. After the pressurization,
heating power was increased linearly and then maintai
constant for 2 h. The sample was sintered at a temperatu
850;950 °C and then quenched to room temperature. T
sample weighed about 130 mg and was about 4.5 mm
diameter and 3.3 mm in height. The magnetization cur
were measured by using a superconducting quantum inte
ence device magnetometer~Quantum Design, MPMS-XL).

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the z
field-cooled magnetization measured atH520 Oe. From this
figure, we found that the superconducting transition tempe

FIG. 1. Zero-field-cooled magnetization,M (T), of MgB2 for
H520 Oe. This curve reveals the superconducting transition t
peratureTc and the transition widthDTc to be about 37 K and 1 K,
respectively.
©2001 The American Physical Society11-1
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ture Tc and the transition widthDTc were about 37 K and 1
K, respectively.17

Figure 2 shows the magnetization curves,M (H), of
MgB2, which were measured in the temperature region
5 K<T<33 K.18 One notable feature is the symmetry
the increasing and the decreasing-field branches forH*0.5
T, i.e., M (H1).2M (H2), whereM (H1) andM (H2) are
the magnetizations in the increasing and the decreasing-
branches, respectively. Such a feature can be comm
found in previous reports.5,8,13 This means that the contribu
tion of the equilibrium magnetization and the surface pinn
is negligible compared to that of the bulk pinning. The irr
versible magnetization can be described by various criti
state models. The Bean model19 has been used to calcula
the critical-current density of superconducting materials. T
model assumes that the slopedh(r )/dr is constant and field
independent, whereh(r ) denotes the local magnetic indu
tion inside a sample. Thus, the critical-current density~or
irreversible magnetization! should also be field independen
which is contrary to most experimental results.

Other critical-state models, such as the exponential14 and
the Watson20 models, which take into account the field d
pendence of the critical-current density, can be used to
scribe the irreversible magnetization properly. In the fra
of the Watson model, the critical-current density,j c„h(r )…, is
given by

j c„h~r !…5 j 0„11uh~r !u/h0…, ~1!

wherej 0 andh0 are adjustable parameters that depend on
material. The exponential model proposes that the crit
current density has the form

j c„h~r !…5 j 0 exp@2uh~r !u/h0#, ~2!

where j 0 and h0 are again adjustable parameters as in
Watson model. According to Ampere’s law, the field gra
ent inside a sample is given by

dh~r !

dr
52sgn~ j !

4p

c
j c„h~r !…, ~3!

FIG. 2. Magnetization curvesM (H) measured in the region
5 K<T<33 K and25 T<H<5 T.
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where sgn(x) is the sign function andc is the speed of light.
In cylindrical coordinates, we obtain an average magne
induction ^h& of a sample with a radiusa

^h&5B5H14pM5
1

pa2E0

aE
0

2p

h~r !dudr. ~4!

If the surface-barrier effect is ignored, the boundary con
tion for h(r ) is h(r 5a)5H, whereH is the external mag-
netic field.

Figure 3~a! shows our attempt to fitM (H) at T510 K by
using Eq.~4! with the exponential critical-state model wit
j 0a5697 emu/cm3 andh050.93 T. For the theoretical de
scription of theM (H), we can choose an arbitrary numb
for a sample sizea within the constraint that the multiplie
j 0a is a constant. As one can see, the data are well descr
by the critical-state model without considering the contrib
tion of the reversible magnetization and the surface-bar
effect. As stated before, this implies that, in the mixed st
in the MgB2 superconductor, the magnetization main
comes from the contribution of the bulk-pinning effect. A
using the Watson model was also attempted, but was p
for all adjustments of the parameters. The dashed line of
3~a! represents the average critical current densityJc(H)

FIG. 3. ~a! Magnetization curveM (H) at T510 K. The solid
line represents the theoretical curve for the exponential critical-s
model. The line denotes the absolute value of the average crit
current densityJc(H)5^ j c„h(r )…& calculated from the decreasing
field branch of the theoretical magnetization curve atT510 K. ~b!
Scaling of the magnetization curvesM (H) in the temperature re-
gion 5 K<T<33 K. The inset illustrates the definitions ofM*
andH* ~see text!.
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5^jc„h(r )…& calculated from the decreasing-field branch
the theoretical magnetization curve assuming the grain
a525 mm.

We note that the shapes of theM (H) curves shown in
Fig. 2 are remarkably similar to each other. This sugge
that the vortex-pinning mechanism in MgB2 does not change
even as the temperature is varied up to nearTc . More con-
crete evidence for this can be found from the scaling anal
of theM (H) curves. For the scaling of theM (H) curves, we
define two phenomenological parameters as shown in
inset of Fig. 3~b!. H* (T) means the field where the absolu
value of magnetization in the increasing-field branch reac
its maximum valueuM* (T)u. We divided theM and theH in
each curve of Fig. 2 by2M* (T) andH* (T), respectively.
The result is shown in Fig. 3~b!. Without any exception, al
the curves collapse on a single universal curve. The solid
in the figure denotes the exponential critical-state mod
This result is consistent with the scaling of the pinning for
Fp(H)}HJc , in a temperature range ofT>0.5Tc reported
by Larbalestieret al.8 In case of high-Tc cuprates, such scal
ing behavior of theM (H) curves is established in a limite
low-temperature region. This implies that the fundamen
mechanism determining the magnetic hysteresis at low t
peratures changes as the temperature is increased towarTc .
For Bi2Sr2CaCu2O8 ~Bi-2212!, while the bulk pinning is
dominant at low temperatures, the contribution of the surf
or geometrical barrier effects to the magnetization becom
more important as the temperature is increased.3 Thus, uni-
versal scaling ofM (H) is not seen in Bi-2212.

Figure 4 shows the temperature dependence of the sc
parametersH* (T) and M* (T) used in the above analysis
The right axis forH* (T) in the figure was corrected by th
demagnetization factorD50.42. The value ofD was ob-
tained from the low-field susceptibility curve in Fig. 1 a
suming 100% magnetic screening. It was obvious that
M* andH* (T)24pM* (T)D scaled linearly with tempera
ture as indicated by solid lines. The linearity inH* (T)
24pM* (T)D requires a linear temperature dependence
the irreversible fieldH irr where the magnetic hysteresis di
appears. This is because the normalized hysteresis cu
M (H) for T<0.9Tc collapsed into a single universal curv
.
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as we showed. In fact, a nearly linearH irr(T) was shown
from the Kramer analysis of magnetization.8 This feature dif-
ferentiates MgB2 from other cuprate high-Tc materials with
H irr;(Tc2T)1.5.

IV. SUMMARY

In summary, we measured the magnetization cur
M (H) for metallic MgB2 superconductor, which has aTc
.37 K, in the region 5 K<T<33 K and 25 T<H
<5 T. The magnetic hysteresis in our experimental reg
was well described by the exponential critical-state mod
without considering the reversible magnetization and
surface-barrier effect. Also, we found that all the magneti
tion curves collapsed onto a single universal curve when
field and the magnetization were normalized by the char
teristic scaling factorsH* (T) and M* (T), respectively.
These results lead us to the conclusion that the irrevers
magnetization of MgB2 is dominated by bulk pinning and
that the pinning mechanism does not change even when
temperature is varied up toT/Tc;0.9.
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FIG. 4. Temperature dependence of phenomenological par
etersM* andH* 24pM* D, whereD is the demagnetization facto
of the sample. Solid lines represent linear least-squares fits of
data.
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