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Flux-pinning properties of single crystalline and dense polycrystalline MgB2
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Magnetic hysteresis loops~MHLs! have been measured on single-crystalline and dense polycrystalline
MgB2 prepared under high pressure by micro-Hall probe and superconducting quantum interference device
magnetometer. Heating effect due to the viscous force on vortices has been found by changing the field-sweep
rate. Magnetic critical current densities obtained from MHLs by Bean model show different field dependence
for single and polycrystalline samples. The scaling behaviors of flux-pinning force are also different. There is
only one pinning force peak for polycrystalline sample, whereas there are three pinning force peaks for
single-crystalline sample. The irreversibility field has been determined by different methods. The anisotropy of
flux pinning and the pinning mechanism in MgB2 are discussed.
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I. INTRODUCTION

Since the discovery of superconductivity in MgB2,1 many
experiments on polycrystalline bulks and thin films have
tablished some of its fundamental properties and dem
strated the possibility for application with strongly linke
intergrains.2,3 However, the flux-pinning mechanism whic
governs the critical current density and the irreversibil
field is still under investigation, and is very important to t
practical application of MgB2. The field and temperature de
pendence of critical current density and flux-pinning force
the key to the understanding of flux-pinning mechanism
MgB2. Some groups have reported their data on polycrys
line samples. For example, Larbalestieret al. reported a
Kramer scaling behavior of flux-pinning force,2 Kim et al.
reported an exponential field dependence of critical curr
density,4 and Douet al. reported exponential and power fie
dependentJc .5,6Almost all data reported by now show linea
temperature dependence of critical current density. Howe
all these experiments were done on polycrystalline sam
and these relations may be the mixture of the out-of-pl
and in-plane contributions. So these relations may not
suitable and accurate enough for discussing the pinn
mechanism due to the influence of the anisotropy of Mg2
with layered structure. High-quality single-crystallin
samples are indispensable to access intrinsic propertie
MgB2. The field and temperature dependence of critical c
rent densities and flux-pinning force should also be measu
on single-crystalline samples to avoid the grain-orientat
problem. Since the single-crystalline sample was prepa
some structural examination and transition measurem
have been performed.7–10 However, only a few papers hav
been reported on the pinning mechanism in single-cry
MgB2.11–13 Furthermore, the anisotropic properties of flu
pinning are also very important for the clarification of th
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flux-pinning mechanism and the application of MgB2. In this
paper, we report our systematic and comparative studie
flux-pinning properties in single-crystalline and dense po
crystalline MgB2 samples, such as critical current de
sity, flux-pinning force, the irreversibility field, and th
anisotropy.

II. EXPERIMENT

Our polycrystalline sample was synthesized under h
pressure at high temperature as described in Ref. 14.
x-ray-diffraction analyses show that there is only sing
phase in our samples with almost theoretical density
2.63 g/cm3. Tc is about 38 K and the transition width is les
than 1 K. The high-resolution polarizing microscope obs
vations reveal grains of size 50–200mm. The polycrystal-
line sample is a polished rectangular sample. The sin
crystalline sample is a platelet extracted near the surface
large bulk sample, which we extracted polycrystalli
sample also from the center. The sizes of two samples in
tigated here are 4303230385 mm3 and 3403230
395 mm3, respectively. Magnetic hysteresis loops~MHLs!
at different temperatures have been measured by both m
Hall probe and superconducting quantum interference de
~SQUID! magnetometer. The sensing area of Hall probe
20320 mm2 and the field resolution is better than 0.01
The angular dependence of the upper critical fieldHc2 and
irreversibility has been deduced from superconducting tr
sition curves measured by standard four-probe trans
measurement with magnetic field applied at different ang
from c axis. Details of experiments are described in Ref.

III. RESULTS AND DISCUSSION

A. Heating effect

As reported in many papers,5,16,17 flux jumps in MHLs
demonstrate the thermomagnetic instability in MgB2, which
©2003 The American Physical Society14-1
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may be resulted from high viscous force and low therm
conductivity. The heat released by moving vortices cau
local temperature rise. By changing the field-sweep rate,
have successfully found the heating effect on MHL as sho
in Fig. 1. The local field hysteresis were measured by cha
ing the field step by step at constant field-sweep rates
every step the local field was measured in very short t
after the field was stabilized. The MHL with slower field
sweep rate is fatter than that with faster-field sweep r
which is contrary to the case caused by magnetic relaxat
Systematic measurements have been performed on si
crystal sample at 35 K, 20 K, and 5 K using Hall probe.
Figure 1 shows the typical data at 35 K. The field dep
dence of the width of magnetic hysteresisDM as well as the
irreversibility field are different for MHLs with different
field-sweep rate. ThoughDM decreases with increasing tem
perature or field-sweep rate, the field dependence ofDM is
different for these two cases, as shown in the inset of Fig
At lower fields,DM at 35 K with higher field-sweep rate i
larger thanDM at higher temperatures with lower field
sweep rate. However, at higher fields, theDM at 35 K with
higher field-sweep rate is close to theDM at some higher
temperature with slower field-sweep rate. The reason ma
that flux-pinning force changes with field and results in he
ing effect changing with field also. So it is very important
measure the MHL at fixed temperature without heating eff
so as to deduce the real field dependence ofDM .

Figure 2 shows the change ofDM at different field-sweep
rate at 35 K, 20 K, 5 K for different field stepsDH. With
small field step, such asDH510 Oe, the change ofDM
saturates because heating time is short at each step an
total heat is small compared to the heat capacity. So
largest change of temperature of the sample,DT, is limited
and the change ofDM saturates at higher field-sweep ra
With larger field step, such asDH5200 Oe, the time for
each step is long enough for the sample to reach the st
state, and the sweep-rate dependent temperature distrib
can be attained. So the change of temperatureDT depends

FIG. 1. MHLs measured by Hall probe with different field
sweep rates on single-crystal sample. Inset shows the fi
dependent hysteresis widthDM from MHLs measured at 35 K for
different field-sweep rates~ solid lines! and from MHLs measured
at different temperatures near 35 K withdH/dt516 Oe/s~dashed
lines!.
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on the field-sweep rate. Of course, it will saturate at so
very high field-sweep rate also. The relative change ofDM is
larger at higher temperatures. So both heating effect and
relaxation are serious at higher temperatures and stro
affect the measurement of MHLs.

B. Critical current density and flux pinning

By measuring the MHLs with slow field-sweep rate, w
have performed the quasistatic measurements and have
tained quasi-critical-state MHLs as shown in Fig. 3. T
polycrystalline sample was measured by SQUID magne
meter and the single-crystalline sample was measured
both Hall probe and SQUID magnetometer. The shape
MHLs of single crystal is different from that of polycrysta
line samples and similar to that of powder samples.14 The

d-

FIG. 2. Width of magnetic hysteresisDM at constant field. It
changes with field-sweep rates~by different steps! at different tem-
peratures.

FIG. 3. MHLs measured at different temperatures on~a! poly-
crystalline sample by SQUID magnetometer and~b! single-crystal
sample by Hall probe.
4-2
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peak of MHL for single crystal is much sharper than the pe
for polycrystalline sample, which may be related to the s
face pinning as well as the surface superconductivity
MgB2,15 and the details will be discussed later.

Using Bean model, the magnetic critical current dens
Jcm can be deduced from MHLs at different temperatur
Figures 4~a! and 4~b! show the field dependence of magne
critical current densityJcm for polycrystalline and single-
crystalline samples, respectively. ThoughJcm is almost field
independent at lower fields for single-crystalline and po
crystalline samples, the field dependence ofJcm at higher
fields is quite different for the two kinds of samples. In pol
crystalline sample,Jcm sustains large values at intermedia
fields and is suppressed rapidly at higher fields, which is
to the fact that grains withc axis parallel to the applied field
change into normal state. In single-crystal sample,Jcm has
power-law field dependence at intermediate fields and ex
nential field dependence at higher fields, which is shown
the inset of Fig. 5~b! clearly by fitting the scaling behavior o
Jcm . This field dependence is also quite different from t
data reported by other groups2–6 on polycrystalline samples
Jcm close to zero field shows almost linear temperature
pendence for both single-crystalline and polycrystall
samples, as shown in Figs. 5~a! and 5~b!, and is consisten
with the results reported in Ref. 18.

From Figs. 4~a! and 4~b! the flux-pinning force,Fp
5(1/c)Jc•B, can be calculated and the scaling behavior
pinning force is shown in Figs. 6~a! and 6~b!. The scaling
behavior is also quite different for the two kinds of sampl
For polycrystalline sample, the scaling is not good especi
at higher fields due to the dispersion of grain orientations

FIG. 4. Field-dependent critical current densityJcm at different
temperatures calculated by Bean model from MHLs measured
~a! polycrystalline sample by SQUID magnetometer and~b! single-
crystal sample by Hall probe~solid lines! and SQUID magnetome
ter ~dashed lines!.
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the anisotropy of the upper critical field. This is quite diffe
ent from the reports by Kimet al.4 and Larbalestieret al.,2

where they claim a good scaling of flux-pinning force f
polycrystalline samples. At higher temperatures nearTc , the
value of g5Hc2

ab/Hc2
c is small and the difference betwee

Hc2
ab andHc2

c is also small. However at lower temperature
the value ofg is larger andHc2

ab is much higher thanHc2
c . So

it seems unreasonable to expect a good scaling of fl
pinning force for polycrystalline samples.

As shown in Fig. 6~b!, the scaling behavior of flux-
pinning force is better for single-crystalline sample. There
only one pinning force peak for polycrystalline samp
whereas there are three pinning force peaks for sin
crystalline sample. The shape of scaled main peaks are s
lar for both samples, and they can be fitted by Kram
model,19 f p(h)}h1/2(12h)2, approximately except for the
deviation at lower and higher fields due to the peaks n
zero field andHc2

c . The scaling behavior of the near zer
field peak is shown in the inset of Fig. 6~b!. The temperature
dependences of the peak position and the peak value
shown in Fig. 7. Though the pinning force density of pol
crystalline sample is about two orders of magnitude hig
than that of single-crystalline sample, the temperature dep
dence is almost the same for main peaks, while the n
zero-field peak has different temperature dependence p
bly due to the different pinning mechanism. The temperat
dependence of the peak positions is almost linear excep
the abnormal downturn at lower temperatures for polycr
talline sample, as shown in the inset of Fig. 7. This stran
behavior can be explained as follows: Though the near z
field peak and the main peak are separated clearly for sin

n FIG. 5. Temperature dependence ofJcm at constant field for~a!
polycrystalline and~b! single-crystalline samples. The inset of~b!
shows the scaling behavior ofJcm . In intermediate fieldsJcm has
power field-dependence while in higher fieldsJcm has exponential
field dependence.
4-3
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crystalline sample, these two peaks are mixed together du
the dispersion of grain orientations for polycrystallin
sample. These two peaks affect each other and result in
broadened peaks together with the distribution of upper c
cal fields. The peak position is shifted to lower fields es
cially at lower temperatures. Another possible reason is
influence of flux jump at lower temperatures on the critic
current densities.

As to the high-field peak nearHc2
c , we have reported it in

Ref. 20, which was followed by the report of the peak effe
in transport measurement nearHc2 by Welpet al.,21 peaks in
MHLs by Angstet al.,22 and similar peaks by Lyardet al.23

We have confirmed the peak effect again by measuring M
with field applied at 0° and 45° fromc axis by SQUID
magnetometer. A clear peak effect is observed only at lo
temperatures withH//c axis, as shown in Fig. 8. No peak

FIG. 6. Scaling behavior of flux-pinning force in~a! polycrys-
talline sample and~b! single-crystal. Inset of~b! shows the scaling
behavior of flux-pinning force peaks near zero field.

FIG. 7. Temperature dependence of the value and position~in-
set! of flux-pinning force peaks in Fig. 6.
10451
to

he
i-
-
e

-

t

L

er

are found with field applied at 45° fromc axis, in contrast to
the result in Ref. 22. The temperature dependence of
peak position and the irreversibility field defined by closi
points of MHLs are shown in the inset of Fig. 8. The pe
effect may be caused by the softening of vortex lattice n
Hc2, where vortices can adjust their positions to pinning ce
ters to earn pinning energy. Alternatively, the vortex st
may have changed by the so-called disorder-induced ph
transition from disorder-free Bragg glass to disordered gl
state.24

From the above data, the irreversibility fieldHirr can be
deduced and summarized in Fig. 9. TheHirr is determined
by a criterion ofJc540 A/cm2 as shown in Fig. 4~a!, the
closing points of MHLs as shown in Fig. 8, the scaling b
havior of pinning force as shown in Fig. 6~b!, as well as the
end points of phase-transition curves~zero points of]M /]T)
as reported in our previous paper.15 The data ofHc3

c in Ref.
15 are also included in this graph for comparison.

Based on the above results, we want to continue the
cussion on the flux-pinning mechanism in MgB2. It seems
that there are three regions in the field dependence ofJcm for
single-crystal sample, constantJcm at lower fields, power
field dependence at the intermediate fields, and expone

FIG. 8. High-field peaks nearHc2 in MHLs measured at differ-
ent temperatures with magnetic field parallel toc axis by SQUID
magnetometer. Inset shows the temperature dependence of
fields and irreversibility fields.

FIG. 9. Temperature-dependent irreversibility fields for po
crystalline ~opened symbols! and single-crystalline~closed sym-
bols! samples derived fromJcm in Fig. 4~a!, zero points ofdM/dT
curves in Ref. 15, scaling behavior in Fig. 6~b! and the closed
points in MHLs in Fig. 8. The data ofHc3

c are from Ref. 15.
4-4
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field dependence at higher fields. The sudden change f
constant to power field dependence results in the small p
near zero field. One possible reason is that the self-field
fect shifts the peak from zero field and results in constantJcm
in lower fields. The second possible reason is that the c
stantJcm correspond to single-vortex pinning and the pow
field dependenceJcm correspond to small bundle vortex pin
ning and the change from single vortex to small bundle v
tex results in the near zero-field peak. The third poss
reason is that the small peak may be originated from
surface pinning in single crystal because the overall shap
MHL is very similar to that of powder sample. And the su
face pinning may be related to the surface superconduct
in MgB2.15,21 The different temperature dependences of
peak values of the near zero-field peak and the main p
mean that the two peaks are caused by different mechani
The main peak can be fitted by Kramer model withhpeak
'0.2, which indicates that flux pinning in MgB2 is not weak
and the deformation of flux-line lattice changes from elas
one to plastic one at lower fields. Due to the high Ginzbu
Landau parameterk526 in MgB2, the magnetic interaction
is negligible and the core interaction, such asd l pinning or
dTc pinning, is very important. The linear temperature d
pendence ofFp,peak suggests that the pinning mechanism
dTc pinning. The pinning centers in single-crystal samp
may be the crystal structural defects and impurity such
MgO with sizes comparative to the coherence length.

For polycrystalline sample, the pinning peak is also
aboutB/Bscaling'0.2 though the scaling is not good. How
ever, the pinning force density is about two orders hig
than that in single-crystalline sample. This phenomenon m
be explained by the following two origins.

~1! Flux-pinning mechanism is the same for the two kin
of samples while polycrystalline sample has more pinn
centers than single-crystalline sample, such as the g
boundaries due to the anisotropy ofHc2 as reported in
V3Si.25

~2! There may be normal-surface pinning in polycryst
line sample related to the surface superconductivityHc3 and
anisotropy ofHc2. The Hc3

c for single-crystalline sample is
almost the same as the irreversibility field of the polycryst
line sample as shown in Fig. 9, which may be the evide
for that the normal-surface pinning related toHc3

c is the ef-
fective flux pinning in polycrystalline samples. The Kram
scaling is almost the same as the relation for normal-sur
pinning, f (b)}b1/2(12b)2, deduced from a simple summa
tion of individual pinning forces theoretically.26 So the pin-
ning peak appears also atB/Bscaling'0.2.

C. Anisotropy of flux pinning

For studying the anisotropy of flux pinning in MgB2, we
have measured the angular dependent superconducting
sition by standard four-probe method with field applied
different angles fromc axis as shown in Fig. 10~a!. The
upper critical fieldHc2 and the irreversibility fieldHirr as
shown in Fig. 10~b! are determined by the peak point
]R/]H curves and by the end point of transition~zero point
of ]R/]H) curves. The anisotropic behavior of irreversibili
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field is almost the same as that of upper critical field, wh
indicates that the anisotropy of flux pinning is mainly dete
mined by the anisotropy of superconductivity. It is also co
cluded that no directional pinning centers are effective
high fields nearHirr .

Recently, Takahashiet al. have reported an evidence fo
intrinsic pinning in Ref. 13. In that paper, they compare t
angle-dependent magnetic hysteresis in the same mag
field rather than the same reduced field without consider
the anisotropy ofHc2. So it should be the anisotropic pin
ning force rather than intrinsic pinning to be claimed. In fa
the ratio of coherence lengthjc to the layer spacing is abou
8 for MgB2, while it is less than unity even in the lea
anisotropic high-Tc superconductor YBa2Cu3O7. So the in-
trinsic pinning as proposed by Tachiki and Takahashi27 will
not give an appreciable contribution toJc in MgB2. Our
direct measurements of the anisotropicHirr strongly support
the absence of intrinsic pinning in MgB2.

IV. CONCLUSION

Flux-pinning properties of single-crystalline and pol
crystalline MgB2 have been studied and compared. Heat
effect shows up even at relatively slow field-sweep rate
100 Oe/s. Hence, the magnetic field should be applied slo
to measure the quasi-critical-state MHLs. The field dep
dence of critical current and flux pinning is different fo
single-crystalline and polycrystalline samples. There is o
one pinning force peak for polycrystalline sample, where
there are three pinning force peaks for single-crystall

FIG. 10. ~a! Typical transition curves by standard four-prob
transport measurements with fields applied at different angles f
c axis every 5°.~b! Angular dependence of irreversibility fields an
upper critical fields determined from the transition curves.
4-5
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sample. There seems surface pinning in single crystals
normal-surface pinning in polycrystalline sample. The m
pinning mechanism is identified as thedTc core pinning by
isotropic pinning centers such as point defects, impurit
and grain boundaries.
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