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Dependence of the flux-creep activation energy on current density and magnetic field
for the MgB, superconductor
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Systematic ac susceptibility measurements have been performed on abMiiBsample. We demonstrate
that the flux creep activation energy is a nonlinear function of the current ddngjty<j ~°2 indicating a
nonlogarithmic relaxation of the current density in this material. The dependence of the activation energy on
the magnetic field is determined to be a power la{B)><B~ 133 showing a steep decline in the activation
energy with the magnetic field, which accounts for the steep drop in the critical current density with magnetic
field that is observed in MgB The irreversibility field is also found to be rather low, therefore, the pinning
properties of this material will need to be enhanced for practical applications.
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The recent discovery of the superconductor MgRef.  gas flow was maintained throughout the sintering process. A
1) with its transition temperature at 39 K has aroused consample with dimension of 2.282.76x1.88 mnt was cut
siderable interest in the field of condensed matter physicdrom the pellet. Phase purity was determined by XHHy.
especially in the area of superconductivity. Intensive studied) and grain size by scanning electron microscopy. Only a
have been carried out on this material by means ofmall level of MgO(less than 10%was found and the grain
magnetié~® and transpoft’'? measurements, microstruc- size was determined to be about 2@0n.
ture studies? and other experimental techniqués!® as The ac susceptibility measurements were carried out us-
well as theoretical calculatiot§~?' The fundamental super- ing a superconducting quantum interference de(&@UID,
conducting parameters of MgBsuch as the upper critical Quantum Design PPMS 9)TThe superconducting transition
field Bg(0)=12.5-18 T236°1% the lower critical field temperature T,=38.6 K, AT.<1 K was determined
B.1(0)=300 Gs*®the Ginzburg-Landau parameter=26° by ac susceptibility in an ac field of 0.1 Gs and frequency
the coherence lengt§(0)=4—5.2 nm?° the penetration 117 Hz.
length A(0)=140-180 nm>° and the energy gap Figure 2 shows the effects of the dc magnetic figld on
A(4.2K)=4.3-5.2 meV (Refs. 15 and 16have been ob- the ac susceptibility of the MgBbulk sample. AsB. is
tained. The critical current density, one of the most importanincreased from 0.5 T to 3 T, the transition temperature shifts
parameters in considering superconductors for practical ago lower temperatures and the transition width broadens. Al-
plications, has been determined to be aboit 2cm? at 0 though the transition width is slightly changed from about 3
T and 4.2 K in bulk samplésand 8<10° Alcm*at 0 Tand K at 0.5 T to 6 K at 3 T, theransition temperature is greatly
5 K in thin films** The critical current density is determined depressed by the dc field from about 35 K at 0.5 T to 27 K at
by the pinning properties of the sample as well as by the flig T, while in Y-Ba-Cu-O, the depression il is quite
motion, because the motion of the vortices over pinning censmal|?42°As the transition temperature under a dc magnetic
ters (flux creep in the superconductor induces dissipationfield is an indication of the irreversibility lindL ), this result
and reduces the critical current dengity Itis the flux creep  indicates that the IL in the MgBbulk sample is rather low in
that sets the limiting critical current density in superconductthe H-T plane, as has been obtained by dc magnetization
ors. Itis thus essential to study the activation energy againgheasurements® The inset of Fig. 2 shows the IL of the
flux motion, in order to understand the underlying mecha1gB, sample determined by the onset temperature of the ac

nism and therefore to enhance the current carrying capaciyysceptibility at high frequency and low ac field amplitude,
of this material. In this paper, we investigate the flux creep

activation energy in MgB and determine its dependence on 4x10° - T - T
the current density, the magnetic field, and the temperature
by measuring the reag}’(T) and imaginaryy”(T) parts of

the ac susceptibility at different ac field amplitudes, frequen- ax10°F
cies, and dc magnetic fields.

All measurements have been performed on a MBIk
sample, which was prepared by conventional solid state
reaction?> High-purity Mg and B(amorphouswith a nomi- 2x10°f
nal composition ratio of Mg:B-1.2:2 were mixed and finely
ground, then pressed into pellets 10 mm in diameter with
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1-2 mm thickness. Extra Mg was added in order to make up 1x10° - L - L
for loss of Mg at high temperatures. These pellets were 20 30 40 50 60 70
placed on an iron plate and covered with iron foil, then put 20 (degree)

into a tube furnace. The samples were sintered at tempera- FIG. 1. X-ray diffraction (XRD) pattern for the MgB bulk
tures between 700 and 1000 °C for 1-14 h. A high-purity Arsample, which shows only a small amount of M{&ss than 10%
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FIG. 2. x'(T) and x"(T) curves of the MgB bulk sample at FIG. 4. x'(T) and x"(T) curves of the MgB bulk sample at
Bac=1 Gs,f=1117 Hz, andy=0.5, 1, 2, 3 T. Inset shows the Bac=0.5 T, Boc=2 Gs, andf=17, 51, 117, 351, 1117, 3331,
irreversibility line (solid line is just a guide to the eye 9999 Hz(from left to righ.

which is higher than the ILs by dc measuremérfisThe  follows that the position of the peak j”" will also strongly
reason is that the IL determined by ac measurement is fredepend on temperature, dc field, ac field amplitude, and fre-
quency and ac field amplitude dependent and therefore is néuency. The criterion for the peak ji’ is*®

reliable, as has been discussed in detail by Detad. 2% it is

only a rough estimation.

Shown in Fig. 3 are typicaf’(T) and x”(T) curves for

the MgB, bulk sample aBy4.=1 T,
ferent ac field amplitudeB,. indicated. AsB,. is increased,

f=1117 Hz and dif-

1
U(Tp Buac.))= U(Tp)U(Bdc)U(j):kBTp In——-—, (1)

fpeallo ,

where the time scaléy=4muoH2/poj?(w),28 po is the

o ; e refactor in the Arrhenius law=poexd —U(j)/kgT], T,

the transition shifts to lower temperatures with increaseqs the peak temperature in the’(T) curve, andkg the
width. In Fig. 4, we show the effects of the frequency on theg,t;mann constant. ’ B

ac susceptibility of this MgB bulk sample. Contrary to the ' hag peen show by numerical calculation that during
effects ofB,c andBg,, asf is increased, the transition shifts e penetration by the ac magnetic-field into a supercon-
to higher temperatures and the transition width broadens. Al ctor  the magnetic-field profile can be regarded as a

the characteristics shown in Figs. 2—4 for the Mgk ~ giraight line, so at the peak temperature the current density
sample are similar to what have been observed in highzgn pe approximated as

temperature superconduct8t$>and predicted from theoret-
ical calculationg’ This is understandable, because ac sus- j= —8 )
ceptibility at different dc magnetic fields, ac field amplitudes,

and frr—;qut_ancies reflects a common phenomenon, i.e., flu{nered is the sample size.
dynamics in type-Il superconductors. , . A plot of —In feq versusU(T,)/kgT, should thus be a

A measurement of the superconducting transition bystraight line with the slope 08 (j,Bq.)

means of the ac susceptibility= ' +ix” typically shows, roaeh
just below the critical temperaturg., a sharp decrease in )
the real part of the susceptibility’, a consequence of dia- kB_TU(] :Bgc)=—In(f) = In(to). ©)
magnetic shielding, and a peak in the imaginary part of the , , ,
susceptibility y”, representing losses. The peakyfi will By varying the ac amplitude and then using 2). to deter-

occur when the flux front reaches the center of the sample. f1in€ the current density, one can then reconstruct the current
density dependence of the activation enddfy). Using the

u(T)

04 - - - - ac method the usual difficulty in conventional relaxation

02f MoE X" . measurements of having only a very limited time window
- % (1~10* s) can be overcome by extending the latter
- BN to smaller values of 10P~103% s (f=100 kHz-
& 0.2F Pg=lh 1= 4 1 kHZ).24’25 N
S -04F 5 01 05.1 2 . In order to account for the explicit temperature depen-
= 6l ¥ 510, 15Gs ] dence of the activation energy, we choose a form of the tem-
i’i , perature scaling function

0.8 x .

1.0f 1 U(T)=[1—(TITY?, 4

-1.2 : 1 L L whereT,=36.3,34.3,31.5,29.1 K foB4.=0.5,1,2,3 T, re-

30 31 32 33 34 35

Temperature (K)

spectively, is a characteristic temperature, which is taken
from the IL. U(T) changes slightly with temperature for

<T, and drops rapidly a3 approached, . A detailed dis-
cussion on choosing the functidt(T) has been given by
McHenry et al?°

FIG. 3. x'(T) and x"(T) curves of the MgB bulk sample at
Bgc=1 T, f=1117 Hz,andB,.=0.1,05,1, 2,5, 10, 15 Gfrom
right to left).
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FIG. 5. —In fyea versusU(T,)/kgT, of the MgB, sample at FIG. 7. Activation energyJ (B)=<U(j,Bq.) X j%?*as a function
various current densities indicated by different symbols. Solid linesf the magnetic field for the MgBbulk sample at various current
are linear fits calculated from E¢R). densities. The solid line is the fitting cunké(B)=B~133

Figure 5 shows—In f ., versusU(T,)/kgT, curves atBy.  the other hand, the relaxation of the current density or the
=0.5 T and various current densities. The experimental datenagnetization can be derived from Edl) as j(t)

can be fitted very well by straight lind&q. (3)], solid lines  «[In(t/ty)]”Y#, which is also a nonlinear function of

in Fig. 5. We can then derive the activation energyIn(t/ty). This nonlogarithmic relaxation can be detected by
U(j,B4c=0.5 T) from the slopes of the straight lines. means of dc magnetization relaxation measurements, which
U(j,Bgyc) at other dc magnetic fields have also been derivedwill be discussed in one of our forthcoming works.

and the results are summarized in Fig. 6, where the activa- As can be seen from E@3), with the current density

tion energyU (j)=U(j,B4.) X B3is plotted as a function of fixed, we can also derive the activation energy as a function
the current density for the MgBbulk sample at various dc Of the dc magnetic fieltd (B). The results are summarized in
magnetic fields. As can be seen from Fig. 6, we have obFig. 7, where the activation energy(B) U (j,Bqgc) X j ***is
tained a universal curvel(j) by scaling the data b3  plotted as a function of the magnetic field for the Mdulk
The slight scattering at low current density may result fromSample at various current densities. As can be seen from Fig.
the field-dependent critical current densjiyB). Note that /> W€ h%Vfl also obtained a universal curve by scaling the
B, has been changed jdby using Eq.(2), whered is the data byj™<% This current density dependence is consistent

sample size rather than the grain size, because it has be ith t5hebolne d;eriv;o_l in Fig. ?‘dAS thte _sc(;aling fSCBtH [see
reported that current flow in MgB is strongly linked. The sgé (th)at (tahzvgcglrin I;J?;;r%nmuiﬂségtigr (tahp;nn trsz:t ’(ij‘ée)can
current density obtained here is also very close to what has 9 J

been derived Using magnetization measurenf@nts shown in Fig. 6. The solid line in Fig. 7 is a fit to the power
. —1.33 . . .
From the best fit of the data in Fig. 6, we derived theIaW U(B)=B : The obtainedU(B) is also consistent

. o o 52 with the one derived from scaling in Fig. 6. The self-
current-density-dependent _activation energy(j)=j . ongistent scalings o/(j,B) shown in Fig. 6 and Fig. 7

which is highly nonlinear. This result suggests that thé suggest that the separation of the activation energyB, T)
curve of MgB, should also be highly nonlinear, because us+ U(j)U(T)U(B) in Eq. (1) is quite reasonable. The final
ing the Arrhenius rate equation, we havB=Buvo  expression for the temperature-, field-, and current-density-
=Buvoexd —U(j)/kgT]xcexp(—j~#). Nonlinearl-V char-  dependent activation energy is given by
acteristics have been experimentally observed in MF®n T2 BN\
0
! (Tx) } BO) J) (5)

18 : : ' ' ' ] U(T,B,j)=U,
whereU,, By, andj, are scaling values, and the exponents
n and u are determined to be 1.33 and 0.2, respectively.

As for the magnetic-field dependence of the activation
energy, éB~ ! dependence has been previously derived using
the Anderson-Kim model of the activation energy combined
with the Ginzburg-Landau expressions for the coherence
0.6 length, thermodynamic critical field and depairing critical
oal 3 current density, et€®! Such aB~! dependence has been
observed in a LageShy 14CU0, single crystal with weak pin-
ning centers by McHenryetal?® In addition, for

j (Aem’) YBa,Cu;0, samples with strong pinning centers, such as

FIG. 6. Activation energyJ(j)«U(j,Bgc) XB*® as a function  twin planes, stacking faults or ;BaCuQ inclusions, a
of the current density for the MgBoulk sample at various dc mag- U(B)~B~%° has been derived by both ac susceptibffity
netic fields. The solid line is the fitting curug(j)ej %2 and dc magnetization measuremefits
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For the superconductor MgBon the other hand, we find In summary, we have performed systematically ac suscep-
aU(B)~B~133dependence, showing that the activation en-tibility measurements on a MgB bulk sample. The
ergy decreases even faster with increasing magnetic fieldnagnetic-field- and current-density-dependent flux creep ac-
compared to a weakly pinned high-temperature supercorfivation energy has been determined to Mé(j,B)
ducting La gSh 14CU0, single crystal. The weakening of =~ °“B~ % Compared to high-temperature superconduct-
the activation energy with increasing magnetic field may beorsU(B)~B~* for ay\(l)%akly pinned LggeStp 14CU0; single
the reason why the critical current density drops steeply a§'ystal andU(B)~B == for strongly pinned YBaCusO,
the magnetic field increases, as has been observed by i€ steeply declining dependendgB)~B~ " results in a
magnetization measuremeRt€?® Taking into account the St€€P drop irj. with magnetic field and suggests that pinning
relatively low irreversibility line(Fig. 2) and the weakening " MgB, is quite weak, as can also be seen from the low
of the activation energy with increasing magnetic field, theIrreverSIbIIIty field.
pinning properties of MgBneed to be enhanced for practical  The authors would like to thank the Australian Research
applications. Council for financial support.
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