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The complex ac susceptibility of HgBa2Ca2Cu3Ox was measured systematically as a function of temperature
T, ac field amplitude, frequency, and dc fieldHd to study the flux dynamics in a time window of 1025–1022

s. The dependences of the effective barriers for flux diffusionU on current densityJ, U}J2m, as well asHd

andT were determined. The rate of current relaxationJ(t), E vs J curves, and the so-called irreversibility line
were deduced fromU. The critical current densityJc as a function ofT andHd was estimated.m50.43 is close
to 0.5, one of the glassy exponents predicted by the vortex glass and collective creep theories. The high and
stableJc(Hd ,T) and the highestTc indicate that the Hg-based superconductor is a promising material for
technical applications.

I. INTRODUCTION

The facts thatTc of HgBa2Ca2Cu3Oy ~Hg-1223! is higher
than 130 K and its structure is similar to that of the toxic
TlBa2Ca2Cu3Ox ~Tl-1223!, which has strong flux pinning
and less anisotropy, make studies on the flux dynamics and
critical current densityJc for this superconductor rank
among the most interesting research subjects.1–9 However,
the usual relaxation experiments using conventional magne-
tometers are restricted to instrumental integration times
~larger than a few seconds!. This precludes getting informa-
tion occurring at earlier times. The ac susceptibility~ACS!
technique is a powerful tool for these studies not only for its
convenience but also for the quick response, which is typi-
cally in a time window of 1025–1021 s ~105–10 Hz!.10–12

Among flux dynamics studies, determination of the effective
barrier for flux diffusion is fundamental. It is the main goal
of this work to study nonlinear flux dynamics, i.e., current-
dependent barriers, current relaxation, and theE vs J [E(J)]
curve, etc., predicted by the vortex glass and collective creep
theories.13,14We use ACS measurements in the millisecond
time window.

Consider a sample of a thin slab with applied fieldHiZ,
JiY, andviX, thickness 2d, x50 at the center of the slab,
where v is the flux velocity. The nonlinear flux diffusion
equation is

m0] tJ2]x
2@bv0e

2U~J!/T#50, ~1!

where b is the local induction, v5v0e
2U(J)/T

[v05v(U50)]. This highly nonlinear equation has been
solved theoretically.12 The activation barriers are

U@J~ t !,Hd ,T#5T ln~11t/t0! ~2!

with time scalet05Td2/(2Hdv0u]JUu). The flux creep gov-
erned by Eq.~2! results in a space- and time-dependent
screening current. The decay of the current density leads to
an increase in the barrier whereas in the opposite casedJ.0
the barrier decreases. The dynamical behavior of the system
then tends to eliminate all the fluctuations in the system such
that the current densityJ and henceU(J) becomes constant
throughout the sample. So the straight-line approximation
~the ‘‘Bean critical state’’! provides a good description of the
field profile inside the sample.12

In an ACS experiment with large ac fields such that the
vortices diffuse nonlinearly this critical state decay competes
with the time scalet51/f imposed on the system by the
external ac field. In this case the decay of the magnetization
occurs on the time scalet such that the screening currents
flowing in the sample are given byU(J)5T ln@111/~f t0!#.
The current density isJ5U21@T ln$1/~f t0!%# ~f t0!1! instead
of being the critical valueJc due to the diffusion of vortices.
Accordingly, the penetration depth of the vortices is given by
d5h/J and depends also upon temperature, frequency, and
dc field. Thex9 peaks when the flux front reaches the center
of the sample, i.e.,d5d, because, say, the temperature
reachesTp , the peak temperature of the imaginary part of the
ACS. The criterion for the peak inx9 is11–12

U@J~Tp!,Hd ,Tp#5Tp ln@1/~ f t0!#, ~3a!

J@Tp~ f !#5h/d, ~3b!

with t51/f . Equations~3! determine the barrier and current
density, as in dc magnetization decay measurements. Thus it
is possible to measure the current-dependent activation bar-
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rier by studying the position of the peak inx9(T) for differ-
ent f , h, andHd . From the barrierU the relaxation of current
and the characteristicE(J) curves can be determined as well.

The critical current density is another important param-
eter. Due to the difficulties of transport measurements for
ceramic samples, hysteresis loops and ACS methods have
been widely used to study the magneticJc . In the two meth-
ods a static critical state model such as the Bean model is
invoked.Jc in the ACS method is15–18

Jc~Tp!5h/d. ~4!

Nevertheless, the giant flux creep means current decay and is
a severe challenge for the static model for estimatingJc . The
Jc estimated from Eq.~4! should be frequency independent,
otherwise it is not proper. A method for extracting the critical
current from the frequency-dependent ACS data would be
interesting. On the other hand, it has been shown that there
exists a true superconductingJc in the vortex glass phase13

because the effective barrier for flux creep increases without
limit with decreasing current density. The other goal for this
work is how to find such aJc for Hg-1223. Also, we will
estimate theJc value as a function of dc field and tempera-
ture assuming a special criterion for the ACS technique.

In this paper we report systematic measurements of the
real~x8! and imaginary~x9! parts of the ACS as a function of
temperature in different ac field amplitudes, frequencies, and
dc fields, and the flux dynamics properties of Hg-1223 in the
time window 1025–1022 s ~105–102 Hz!.

II. EXPERIMENTS

The sample was synthesized as follows. The precursor
material with a nominal composition Ba2Ca2Cu3Ox was pre-
pared by calcining a thoroughly mixed powder of appropri-
ate amounts of BaO2, CuO, and CaO at 900 °C for 24 h.
These precursors were then mixed with HgO2, pressed into
pellets, sealed in evacuated quartz tubes, and heated in a
closed steel container for 8 h at 600–800 °C. Arelatively
slow heating rate~1 °C/min! between 400 and 600 °C, where
HgO decomposes, was needed to avoid explosion of the
quartz tube. Details of sample synthesis and characterization
have been given elsewhere.8

The complex ACS was measured in a home-made ac sus-
ceptometer with sensitivity of 1028 emu at different frequen-
cies, amplitudes, and dc fields in the applied field
H(t)5Hd1h cos(2p f t) where Hd@h or Hd50. All the
data forx(T) were recorded by a computer for later analysis.

III. RESULTS AND DISCUSSIONS

A. The effective barrier U

Shown in Fig. 1 is the temperature dependence ofx8 and
x9 for the sample atHd50, h50.2 G, andf51.5 kHz. From
Fig. 1 one can find only onex8 step with onset atTc05133 K
and onex9 peak atTp5125 K. In order to go further into the
flux dynamics, we measured the ACS as follows. First, we
measuredx(T) at varying frequenciesf k ~k51,2,3,...!, fixed
Hdj , and fixedhi to obtain the influence off on thex9 peak
temperature,Tp( f k), which is used to extractU(Tp). Then
we changedHdj andhi ~i , j51,2,3,...! and measuredx(T) to
obtain Tp(hi ,Hdj , f k) in the same way, which are used to

extract U(J,Hd ,Tp)[U0(J,Hd)U(Tp). As an example of
Tp( f k), Fig. 2 shows the temperature dependence ofx9 for
different frequenciesf k at Hd53 kG andh50.36 G, where
one can see thatTp increases with increasingf , and hence
we have obtainedTp( f k). ThisTp( f k) of Fig. 2 is also illus-
trated in Fig. 3 by open squares which are fitted by the solid
straight line labeled 4 but in a different way, i.e., a plot of
U(Tp)/Tp versus f with U(Tp)[[12(Tp/Tc)

r ] n and
Tc5117.1 K. Adjusting ther andn, we find that whenr52
and n52 in the temperature regimeTpmax2Tpmin'20 K the
fitting functions are straight lines described by the Arrhenius
law16–18

U~Tp!/Tp5@U04~h,Hd4!#
21 ln@1/~ f t04!#, ~5a!

where ln~1/t04! and [U0 j (h,Hdj)]
21 are the intercept and the

slope of the fourth fitting line, respectively. Displayed in Fig.
3 are summaries of the data~symbols!, showing the effect of
dc fields on slopes and intercepts of the fitting straight lines.
It is found that ln~1/t0 j ! only varies slightly withHdj and has
mean value 1/t0'109 Hz from the seven intercepts. Plotting
U0 j (h,Hdj) versusHdj ~Fig. 4!, we find that a function well
fitting the seven slopes is16–18

U0~Hd!5U0hHd
2m ~6!

wherem51. Therefore Eq.~5a! is the experimental fitting
equation:

FIG. 1. x8 andx9 as a function of temperature atHd50, f51.5
kHz, andh50.02 G.

FIG. 2. x9 as a function of temperature ath50.36 G andHd53
kG at different frequencies.

53 901NONLINEAR EFFECTIVE BARRIERS FOR FLUX DIFFUSION . . .



U~Tp!U0~h,Hd!5Tp ln@1/~ f t0!#. ~5b!

It is easy to see from Eq.~3b! thatU0h is in factU0J which
can be determined by a measurement similar to that for
U0(Hd) but at differenthi . This measurement has been
done: an example of the effect ofh on thex9 peak,Tp(hi), is
shown in Fig. 5~a! and the data~symbols! are summarized in
Fig. 5~b! where the fitting functions are the straight lines
whose slopes are justU0hi. Plotting theseU0hi versushi and
using Eq.~6!, we obtain the fitting function~solid curves in
Fig. 6!

U0~J,Hd!5AJ2mHd
2m ~7!

wherem50.43 andA is a constant. For the caseHd>1 kG,
the sample size 2d is considered to be the grain size. Scan-
ning electron microscopy observation shows the average
grain size is about 2mm ~d51 mm! from whichA52.43109

~A/cm2!m Gm K. To compare with magnetization relaxation
and hysteresis loop experiments whereJ is of the order of
106 A/cm2, we extrapolate Eq.~7! and haveU0[U~J5106

A/cm2,Hd520 kG,Tp50 K!'10 meV. This value is compa-
rable with the other high-Tc superconductors. Substituting
Eq. ~7! andU(Tp) into Eq. ~5b!, we have

AJ2mHd
2m@12~Tp /Tc!

r #n5Tp ln@1/~ f t0!#, ~8!

which has the characteristic predicted by the vortex glass and
collective creep theories.12–14 Noting that Tp>100 K and
J<103 A/cm2, we considerm50.43 to be evidence that the
flux system is in the charge-density-wave-type pinning and
creep regime where the two theories predictm50.5. Equa-
tion ~8! is fundamental for nonlinear flux dynamics as dis-
cussed below.

B. The irreversibility lines

It is very easy to find the so-called irreversibility lines
~IL’s !. From Eq.~8! we have~at given f andh!

FIG. 3. The plot ofU(Tp)/Tp @5(12Tp
2/Tc

2)2/Tp# versusf in
different dc fieldsHd ~1, 1 kG, 2, 1.5 kG, 3, 2 kG, 4, 3 kG, 5, 4 kG,
6, 5 kG, and 7, 5.9 kG!. h50.36 G. The solid straight lines are fitted
curves.

FIG. 4. U0(Hd) @5U~h50.36 G,Hd , T50 K!# as function of
dc field @* : the slopes of the lines in Fig. 3; solid lines:
U0~eV!510.7/Hd~kG!#.

FIG. 5. ~a! x9 as a function of temperature atHd53 kG in
different ac amplitudes shown in the figure.~b! The plot of
U(Tp)/Tp @5(12Tp

2/Tc
2)2/Tp# versusf at different amplitudesh

~1, 0.3 G, 2, 0.6 G, 3, 0.9 G, 4, 1.5 G, 5, 2.1 G, 6, 2.7 G, 7, 3.3 G,
8, 3.9 G, 9, 4.5 G, and 10, 5.1 G!. Hd53 kG. The solid straight lines
are the fitted curves.

FIG. 6. U0(J) @5U~J, Hd53 kG,Tp50 K!# as a function ofJ
„* : the slopes of the lines in Fig. 5~b!; solid line:
U0~eV!53.46@J~kA/cm2!#20.43

….
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Hd~Tp!5C~J, f !@U~Tp!/Tp#
1/m ~9a!

which becomes~nearTc!

Hd'C1~J, f !~12Tp /Tc!
2/m/Tp

1/m ~9b!

whereC5$A21Jm ln@1/~f t0!#%
21/m andC154C. Equation~9!

shows that the IL’s are dependent not only on the irrevers-
ibility ~the barrierU! of the sample but also on ac frequency,
amplitude, and sample size~t0!, and thus are not an intrinsic
material property. An example of the IL’s described by Eq.
~9! is shown in Fig. 7~f51.5 kHz andh50.2 G! by the solid
curve. It should be emphasized that Fig. 3 represents IL’s
measured at different frequenciesf k for givenh. To everyf k
there corresponds a different IL as shown by the data shifted
vertically, e.g., the IL shown in Fig. 7 by the symbols is
constructed from the data forf51.5 kHz in Fig. 3. One can
also construct another sort of IL at different ac amplitudesh
with fixed f . Therefore one should be careful when one com-
pares the present IL’s with those obtained from different
measurements and samples. For example, a dc magnetic
method may be equivalent to the ACS one asf→0 whereas
an electric transport experiment is similar to the ACS one at
small J and very high frequencies~t→0!.

C. The current density J

It is easy to obtain the current density from Eq.~8!:

J5$AHd
2mU~Tp!/@Tp ln~1/f t0!#%

1/m. ~10a!

Sincet51/f , J( f ) is in fact the current relaxation equation:

J5$AHd
2mU~Tp!/@Tp ln~ t/t0!#%

1/m. ~10b!

Figure 8 displays the curveJ(t) described by Eq.~10!. This
ACS measurement is performed in the time window of
9<ln~t/t0!<18 ~1025<t<1021 s! whereas the range for the
usual dc magnetic relaxation is 20<ln~t/t0!<30 ~10<t<104

s! and for electrotransport is lnt/t0,5.
From Eq. ~10b! the normalized relaxation rateS[

2d ln J/d ln t is 1/@m ln~t/t0!#. It is clear thatS is indepen-
dent of temperature, and is 0.03 fort51023 s ~f51 kHz! and
0.017 for t5103 s ~f51 mHz!, the so-called ‘‘plateau’’ as
observed in YBa2Cu3Oy .

19

D. The E„J… curves

We now switch off the ac field to study the electric fieldE
induced by the current relaxation. According to the London
equation this electric field is

E52m0d
2] tJ, ~11a!

whered is the penetration depth at thex9 peak. Using Eq.
~10b!, we have

E5m0d
2J11m exp@2~Jg /J!m#/~mJg

mt0! ~11b!

where Jg[$AHd
2m[(12T p

2/T c
2)2/Tp] %

1/m. Equation ~11b!
shows thatE decays with decreasingJ exponentially, as pre-
dicted by vortex glass theory, and there indeed exists ‘‘zero
resistance current’’ in Hg-1223 for a givenEc .

12 Shown in
Fig. 9 are theE(J) curves according to Eq.~11b! at f 05109

Hz ~t051029 s! and several temperatures and fields.

E. Critical current density

From Eq. ~11b! we can obtainJc as a function of tem-
perature and dc field for a given criterionEc :

Jc5@mt0EcJg
m exp~Jg /Jc!

m/~Hd
mTpm0d

2!#1/~11m!.
~12!

This equation determines the temperature- field-, and
criterion-dependent critical current densityJc(Tp ,Hd ,Ec)
completely. Keeping in mind that all the experimental fitting
functions are obtained from studying thex9 peak position,
we writeT[Tp hereafter for simplicity. For example, letting

FIG. 7. The irreversibility linesHd(Tp). f51.5 kHz.h50.2 G.
Solid line: Eq.~9!. Symbols: data from Fig. 3 forf51.5 kHz.

FIG. 8. The current relaxationJ(t) at Hd53 kG and different
temperatures.

FIG. 9. The characteristicE(J) curves at different fields and
temperatures.
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Ec51024 V/m and usingd51 mm t051029 s, one can cal-
culate the critical current densities at differentHd and T.
Shown in Figs. 10 and 11 are the importantJc(T) and
Jc(Hd) curves, respectively, which are obtained by extrapo-
lating Eq.~12! to temperatures and fields where our experi-
ment has not been carried out but which are interesting for
scientific research and technical applications.

The stability of the flux-creep-determinedJc should be
studied, and it has been determined by Eq.~10!, e.g., as a
result of the logarithmic decay, the normalized decay during
one week@Jc~t51 week!/Jc~t51 min!# is about 0.5 only,
which means such flux-creepJc values are rather stable.
These results show that Hg-1223 phase material has high and
stableJc and is a promising material for applications.

IV. SUMMARY

The effective barrier U for flux diffusion,
U(J,Hd ,T)5AJ2mH d

2m(12Tr /T c
r )n, and the critical cur-

rent densityJc(Hd ,T,Ec) as a function of dc field, tempera-

ture, and criterion for Hg-1223 are obtained by systematic
ACS measurements. The fundamental flux dynamics func-
tion, i.e., the activation barrierU(J,Hd ,T), current relax-
ation J(t), magneticJc , the so-called irreversibility lines,
and the characteristic curvesE vsJ determined by the earlier
relaxation measurements~in the time window 1025–1021 s!
are compared with the predictions of the vortex glass and
collective creep theories. The glassy exponentm50.43 at
T'110 K andJ5102 A/cm2 is considered to be evidence of
the charge-density-wave-type pinning and creep in the vortex
glass phase predicted by the vortex glass and collective creep
theories. The highJc and highTc indicate that the Hg-based
compound is a promising material for technical applications.
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