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Flux-pinning properties of single crystalline and dense polycrystalline MgB
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Magnetic hysteresis loop@HLs) have been measured on single-crystalline and dense polycrystalline
MgB, 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 MgBre discussed.
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|. INTRODUCTION flux-pinning mechanism and the application of MgBn this
paper, we report our systematic and comparative studies of
Since the discovery of superconductivity in MgBmany  flux-pinning properties in single-crystalline and dense poly-
experiments on polycrystalline bulks and thin films have escrystalline MgB samples, such as critical current den-
tablished some of its fundamental properties and demorsity, flux-pinning force, the irreversibility field, and the
strated the possibility for application with strongly linked anisotropy.
intergrains>®> However, the flux-pinning mechanism which
governs the critical current density and the irreversibility
field is still under investigation, and is very important to the  Qur polycrystalline sample was synthesized under high
practical application of MgR The field and temperature de- pressure at high temperature as described in Ref. 14. The
pendence of critical current density and flux-pinning force isx-ray-diffraction analyses show that there is only single
the key to the understanding of flux-pinning mechanism inphase in our samples with almost theoretical density of
MgB,. Some groups have reported their data on polycrystal2.63 g/cm. T, is about 38 K and the transition width is less
line samples. For example, Larbalestieral. reported a than 1 K. The high-resolution polarizing microscope obser-
Kramer scaling behavior of flux-pinning foréeKim etal.  vations reveal grains of size 50—2@0n. The polycrystal-
reported an exponential field dependence of critical currenine sample is a polished rectangular sample. The single-
density* and Douet al. reported exponential and power field crystalline sample is a platelet extracted near the surface of a
dependend, .5 Almost all data reported by now show linear '12rge bulk sample, which we extracted polycrystalline
temperature dependence of critical current density. Howevef@MPple also from the center. The Sizes of two samples inves-
all these experiments were done on polycrystalline sampl&lgateml 3here are 430230 8.5 pm and 340<230
and these relations may be the mixture of the out-of-plan 95. pm, respectively. Magnetic hysteresis loodHLs) .
and in-plane contributions. So these relations may not b&t different temperatures have been measured by both micro-
suitable and accurate enough for discussing the pinnin all probe and superconducting quantum interference device

. . . UID) magnetometer. The sensing area of Hall probe is
mechanism due to the influence of the anisotropy of MgB g%g 20 ,Lmz gnd the field resolution gi]s better than 8.01 G.

with layered structure. High-quality single-crystalline The angular dependence of the upper critical fielg and

samples are indispensable to access intrinsic properties ﬂpeversibility has been deduced from superconducting tran-
MgB,. The field and temperature dependence of critical CUrsition curves measured by standard four-probe transport
rent densities and flux-pinning force should also be measuregheasurement with magnetic field applied at different angles

on single-crystalline samples to avoid the grain-orientatiorfrom c axis. Details of experiments are described in Ref. 15.
problem. Since the single-crystalline sample was prepared,

some structural examination and transition measurements ll. RESULTS AND DISCUSSION
have been performedl® However, only a few papers have

been reported on the pinning mechanism in single-crystal
MgB,. "3 Furthermore, the anisotropic properties of flux-  As reported in many papers®!’ flux jumps in MHLs
pinning are also very important for the clarification of the demonstrate the thermomagnetic instability in MgRhich

Il. EXPERIMENT

A. Heating effect
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FIG. 2. Width of magnetic hysteresisM at constant field. It
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changes with field-sweep ratésy different stepgat different tem-

FIG. 1. MHLs measured by Hall probe with different field- peratures.

sweep rates on single-crystal sample. Inset shows the field- . o
dependent hysteresis widthM from MHLs measured at 35 K for 0N the field-sweep rate. Of course, it will saturate at some
different field-sweep ratesolid lineg and from MHLs measured Very high field-sweep rate also. The relative changa if is
at different temperatures near 35 K withH/dt=16 Oe/s(dashed larger at higher temperatures. So both heating effect and flux
lines). relaxation are serious at higher temperatures and strongly
affect the measurement of MHLs.
may be resulted from high viscous force and low thermal
conductivity. The heat released by moving vortices causes
local temperature rise. By changing the field-sweep rate, we ] ) _
have successfully found the heating effect on MHL as shown BY measuring the MHLs with slow field-sweep rate, we
in Fig. 1. The local field hysteresis were measured by changl@ve performed the quasistatic measurements and have ob-
ing the field step by step at constant field-sweep rates. Agined quasi-critical-state MHLs as shown in Fig. 3. The
every step the local field was measured in very short tim@olycrystalline sample was measured by SQUID magneto-
after the field was stabilized. The MHL with slower field- Meter and the single-crystalline sample was measured by
sweep rate is fatter than that with faster-field sweep ratedoth Hall probe and SQUID magnetometer. The shape of
which is contrary to the case caused by magnetic relaxatiodHLs of single crystal is different from that of polycrystal-
Systematic measurements have been performed on singlée samples and similar to that of powder sampfeZhe
crystal sample at 35 K, 20 K, dn5 K using Hall probe.
Figure 1 shows the typical data at 35 K. The field depen-
dence of the width of magnetic hysterediM as well as the
irreversibility field are different for MHLs with different
field-sweep rate. ThoughM decreases with increasing tem-
perature or field-sweep rate, the field dependenca Mf is
different for these two cases, as shown in the inset of Fig. 1.
At lower fields,AM at 35 K with higher field-sweep rate is
larger thanAM at higher temperatures with lower field-
sweep rate. However, at higher fields, th# at 35 K with
higher field-sweep rate is close to thévi at some higher -0.01
temperature with slower field-sweep rate. The reason may be 60
that flux-pinning force changes with field and results in heat- 600
ing effect changing with field also. So it is very important to

B. Critical current density and flux pinning
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saturates because heating time is short at each step and the —o00 L K/

total heat is small compared to the heat capacity. So the r

largest change of temperature of the sampl€, is limited —4oo10 . . s -

and the change oA M saturates at higher field-sweep rate.
With larger field step, such a&H=200 Oe, the time for
each step is long enough for the sample to reach the steady FIG. 3. MHLs measured at different temperatures(anpoly-
state, and the sweep-rate dependent temperature distributi@fystalline sample by SQUID magnetometer dbilsingle-crystal
can be attained. So the change of temperaflifedepends sample by Hall probe.
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FIG. 4. Field-dependent critical current density, at different i
temperatures calculated by Bean model from MHLs measured on FIG. 5. _Temperaturg dependenc_eJ@;fn at constant fu_ald fota)
(a) polycrystalline sample by SQUID magnetometer &ndsingle- polycrystalline andb) single-crystalline samples. The inset (&)

S shows the scaling behavior df,,. In intermediate fieldd.,, has
t - Lot . .
fenr/?ctie:siae??ilr?eiy Hall probsolid lineg and SQUID magnetome power field-dependence while in higher fieldis, has exponential

field dependence.

peak of MHL for single crystal is much sharper than the peakhe anisotropy of the upper critical field. This is quite differ-
for polycrystalline sample, which may be related to the surent from the reports by Kinet al* and Larbalestieet al.”
face pinning as well as the surface superconductivity invhere they claim a good scaling of flux-pinning force for
MgB,,* and the details will be discussed later. polycrystalline samples. At higher temperatures riearthe
Using Bean model, the magnetic critical current densityvalue of y=HZ5/HS, is small and the difference between
J.m can be deduced from MHLs at different temperaturesHﬁg andH¢, is also small. However at lower temperatures,
Figures 4a) and 4b) show the field dependence of magnetic the value ofy is larger and—|§§’ is much higher thaiig,. So
critical current densityd., for polycrystalline and single- it seems unreasonable to expect a good scaling of flux-
crystalline samples, respectively. Thoudih, is almost field  pinning force for polycrystalline samples.
independent at lower fields for single-crystalline and poly- As shown in Fig. &), the scaling behavior of flux-
crystalline samples, the field dependencelgf, at higher  pinning force is better for single-crystalline sample. There is
fields is quite different for the two kinds of samples. In poly- only one pinning force peak for polycrystalline sample,
crystalline sampleJ,,, sustains large values at intermediatewhereas there are three pinning force peaks for single-
fields and is suppressed rapidly at higher fields, which is duerystalline sample. The shape of scaled main peaks are simi-
to the fact that grains witl axis parallel to the applied field lar for both samples, and they can be fitted by Kramer
change into normal state. In single-crystal samglg, has  model®® fp(h)ochl/z(l—h)z, approximately except for the
power-law field dependence at intermediate fields and expadeviation at lower and higher fields due to the peaks near
nential field dependence at higher fields, which is shown irzero field andHS,. The scaling behavior of the near zero-
the inset of Fig. &) clearly by fitting the scaling behavior of field peak is shown in the inset of Fig(t§. The temperature
Jem- This field dependence is also quite different from thedependences of the peak position and the peak value are
data reported by other group$ on polycrystalline samples. shown in Fig. 7. Though the pinning force density of poly-
Jem Close to zero field shows almost linear temperature deerystalline sample is about two orders of magnitude higher
pendence for both single-crystalline and polycrystallinethan that of single-crystalline sample, the temperature depen-
samples, as shown in Figs(a and §b), and is consistent dence is almost the same for main peaks, while the near
with the results reported in Ref. 18. zero-field peak has different temperature dependence possi-
From Figs. 4a) and 4b) the flux-pinning force,F,  bly due to the different pinning mechanism. The temperature
=(1/c)J.- B, can be calculated and the scaling behavior ofdependence of the peak positions is almost linear except for
pinning force is shown in Figs.(8 and Gb). The scaling the abnormal downturn at lower temperatures for polycrys-
behavior is also quite different for the two kinds of samples talline sample, as shown in the inset of Fig. 7. This strange
For polycrystalline sample, the scaling is not good especiallyspehavior can be explained as follows: Though the near zero-
at higher fields due to the dispersion of grain orientations anfield peak and the main peak are separated clearly for single-
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18 — ent temperatures with magnetic field parallelctaxis by SQUID
1.4 ﬁ ®) MgB, y magnetometer. Inset shows the temperature dependence of peak
1.2 ,\Nsingle H//c < ssl i fields and irreversibility fields.
U_E 0.8 7/ i are found with field applied at 45° fromaxis, in contrast to
e 0.6 1 " the result in Ref. 22. The temperature dependence of the
0.4 peak position and the irreversibility field defined by closing
. . points of MHLs are shown in the inset of Fig. 8. The peak
'0 E 86 K Keamor fitﬁg AN effect may be caused by the softening of vortex lattice near

o0 0T 0 e T T H¢2, where vortices can adjust their positions to pinning cen-
B/B ters to earn pinning energy. Alternatively, the vortex state
may have changed by the so-called disorder-induced phase
FIG. 6. Scaling behavior of flux-pinning force i@ polycrys-  transition from disorder-free Bragg glass to disordered glass
talline sample andb) single-crystal. Inset ofb) shows the scaling state?*
behavior of flux-pinning force peaks near zero field. From the above data, the irreversibility fiettl,, can be
deduced and summarized in Fig. 9. THeg, is determined
crystalline sample, these two peaks are mixed together due ty a criterion ofJ.=40 Alcn? as shown in Fig. @), the
the dispersion of grain orientations for polycrystalline closing points of MHLs as shown in Fig. 8, the scaling be-
sample. These two peaks affect each other and result in tH&vior of pinning force as shown in Fig(l§, as well as the
broadened peaks together with the distribution of upper critiend points of phase-transition curvgero points oM/ JT)
cal fields. The peak position is shifted to lower fields espe-as reported in our previous pageiThe data ofH, in Ref.
cially at lower temperatures. Another possible reason is thé5 are also included in this graph for comparison.
influence of flux jump at lower temperatures on the critical- Based on the above results, we want to continue the dis-
current densities. cussion on the flux-pinning mechanism in MgBt seems
As to the high-field peak neait?,, we have reported itin that there are three regions in the field dependende,pfor
Ref. 20, which was followed by the report of the peak effectsingle-crystal sample, constadg,, at lower fields, power
in transport measurement nedy, by Welpet al,?* peaks in ~ field dependence at the intermediate fields, and exponential
MHLs by Angstet al.?? and similar peaks by Lyardt al?3
We have confirmed the peak effect again by measuring MHL

scaling

o . 4 60
with field applied at 0° and 45° fronec axis by SQUID poly-crystal —=H._ by J,
magnetometer. A clear peak effect is observed only at lower 50 |- E\ —=—H.__by d/dT
temperatures withd//c axis, as shown in Fig. 8. No peaks ~ MgB, (ref. 15)
- L
4 S
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MRS FIG. 9. Temperature-dependent irreversibility fields for poly-

o 8 llqem;esratfjore %SK )30 %4 crystalline (opened symbo)sand single-crystallingclosed sym-

bols) samples derived frord,,, in Fig. 4a), zero points odM/dT
FIG. 7. Temperature dependence of the value and podiitien  curves in Ref. 15, scaling behavior in Fig(bp and the closed
sey of flux-pinning force peaks in Fig. 6. points in MHLs in Fig. 8. The data dfi$; are from Ref. 15.
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field dependence at higher fields. The sudden change from 1.0
constant to power field dependence results in the small peak
near zero field. One possible reason is that the self-field ef-
fect shifts the peak from zero field and results in consigqt
in lower fields. The second possible reason is that the con-
stantJ.,, correspond to single-vortex pinning and the power
field dependenc@,,, correspond to small bundle vortex pin-
ning and the change from single vortex to small bundle vor-
tex results in the near zero-field peak. The third possible
reason is that the small peak may be originated from the
surface pinning in single crystal because the overall shape of
MHL is very similar to that of powder sample. And the sur-
face pinning may be related to the surface superconductivity
in MgB,.1>?! The different temperature dependences of the
peak values of the near zero-field peak and the main peak
mean that the two peaks are caused by different mechanisms.
The main peak can be fitted by Kramer model with, .
~0.2, which indicates that flux pinning in MgBs not weak
and the deformation of flux-line lattice changes from elastic
one to plastic one at lower fields. Due to the high Ginzburg-
Landau parametet=26 in MgB,, the magnetic interaction
is negligible and the core interaction, such&spinning or
6T, pinning, is very important. The linear temperature de- . N
pendence on'peak Suggests that the p|nn|ng mechanism is FIG. 10. (a) Typ|Ca| traUSItlpn CUrVes. by Standard f0ur-pr0be
8T, pinning. The pinning centers in single-crystal Samp|etran_sport measurements with fields apphegl at d|ff¢_er_e_nt a_mgles from
may be the crystal structural defects and impurity such a§ axis every 5°_.(b) Angular _dependence of |rre\_/(_er5|b|I|ty fields and
MgO with sizes comparative to the coherence length. upper critical fields determined from the transition curves.
For polycrystalline sample, the pinning peak is also at
aboutB/Bgc4jing~0.2 though the scaling is not good. How- field is almost the same as that of upper critical field, which
ever, the pinning force density is about two orders higheiindicates that the anisotropy of flux pinning is mainly deter-
than that in single-crystalline sample. This phenomenon mayhined by the anisotropy of superconductivity. It is also con-
be explained by the following two origins. cluded that no directional pinning centers are effective at
(1) Flux-pinning mechanism is the same for the two kindshjgh fields neaH;,, .
of samples while polycrystaliine sample has more pinning Recently, Takahashét al. have reported an evidence for
centers than single-crystalline sample, such as the graiftrinsic pinning in Ref. 13. In that paper, they compare the
boungsarles due to the anisotropy bf;, as reported in  angle-dependent magnetic hysteresis in the same magnetic
V3Si. field rather than the same reduced field without considering
~ (2) There may be normal-surface pinning in polycrystal-the anisotropy oH.,. So it should be the anisotropic pin-
line sample related to the surface superconductidity and  ning force rather than intrinsic pinning to be claimed. In fact,
anisotropy ofHc,. The H¢; for single-crystalline sample is the ratio of coherence length to the layer spacing is about
almost the same as the irreversibility field of the polycrystal-g for MgB,, while it is less than unity even in the least
line sample as shown in Fig. 9, which may be the evidenc@nisotropic high¥, superconductor YB&Lu;0;. So the in-
for that the normal-surface pinning relatedHd, is the ef-  trinsic pinning as proposed by Tachiki and Takah#shill
fective flux pinning in polycrystalline samples. The Kramer not give an appreciable contribution t in MgB,. Our
scaling is almost the same as the relation for normal-surfacgirect measurements of the anisotropiig, strongly support
pinning, f(b) =b"41—b)?, deduced from a simple summa- the absence of intrinsic pinning in MgB
tion of individual pinning forces theoreticalfy.So the pin-
ning peak appears also BIBg,)ing~0.2.

(@ MgB, single

Resistance ( mQ )

Magnetic Field ( kOe )

IV. CONCLUSION

C. Anisotropy of flux pinning Flux-pinning properties of single-crystalline and poly-

For studying the anisotropy of flux pinning in MgBwe  crystalline MgB, have been studied and compared. Heating
have measured the angular dependent superconducting tragffect shows up even at relatively slow field-sweep rate of
sition by standard four-probe method with field applied at100 Oe/s. Hence, the magnetic field should be applied slowly
different angles fromc axis as shown in Fig. 18). The to measure the quasi-critical-state MHLs. The field depen-
upper critical fieldH., and the irreversibility fieldH;, as  dence of critical current and flux pinning is different for
shown in Fig. 10b) are determined by the peak point of single-crystalline and polycrystalline samples. There is only
dR/9H curves and by the end point of transitiG@ero point  one pinning force peak for polycrystalline sample, whereas
of dR/9H) curves. The anisotropic behavior of irreversibility there are three pinning force peaks for single-crystalline
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