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Nonlinear effective barriers for flux diffusion and critical current density of HgBa ,Ca,Cu30,
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The complex ac susceptibility of HgBaa,CusO, was measured systematically as a function of temperature
T, ac field amplitude, frequency, and dc figtg to study the flux dynamics in a time window of 19-10"2
s. The dependences of the effective barriers for flux diffusioan current densityl, UxJ™#, as well asH 4
andT were determined. The rate of current relaxatigt), E vs J curves, and the so-called irreversibility line
were deduced frord. The critical current density, as a function off andH4 was estimatedu=0.43 is close
to 0.5, one of the glassy exponents predicted by the vortex glass and collective creep theories. The high and
stableJ.(H4,T) and the highesT, indicate that the Hg-based superconductor is a promising material for
technical applications.

I. INTRODUCTION U[J(t),Hy, T1=T In(1+t/ty) 2

The faCtS thaﬂ—c Of HgBaZCaZCugoy (Hg'1223 iS h|gher W|th t|me Scalaoszzl(ZHdvo|(93U|). The ﬂUX Cl’eep gOV'
than 130 K and its structure is similar to that of the toxic ©Med by Eq.(2) results in a space- and time-dependent
TIBa,Ca,CuO, (TI-1223, which has strong flux pinning SCréening current. The decay of the current density leads to

X L]

and less anisotropy, make studies on the flux dynamics an@? Increase in the barrier whereas in the opposite 8dse®
critical current densityJ, for this superconductor rank the barrier decreases. The dynamical behavior of the system

among the most interesting research subj&ctsdowever then tends to eliminate all the fluctuations in the system such
the usual relaxation experiments using conventional magnéhat the current density and henceJ (J) becomes constant
tometers are restricted to instrumental integration timedhroughout the sample. So the straight-line approximation
(larger than a few secondsThis precludes getting informa- (the “Bean critical state} provides a good description of the

tion occurring at earlier times. The ac susceptibiligcs) ~— field profile inside the samp!]é. ,

technique is a powerful tool for these studies not only forits M @1 ACS experiment with large ac fields such that the
convenience but also for the quick response, which is typiyortlces diffuse nonlinearly this critical state decay competes
cally in a time window of 10°-10 ! s (10°-10 H2.10-12 with the time scalet=1/f imposed on the system by the

Among flux dynamics studies, determination of the effective€Xternal ac field. In this case the decay of the magnetization

barrier for flux diffusion is fundamental. It is the main goal 9CCUrs on the time scatesuch that the_screening currents
of this work to study nonlinear flux dynamics, i.e., current- flowing in the sample are given by(J) =T In[1+1/(ft)].
dependent barriers, current relaxation, andBhes J [E(J)] 1 he current density i§=U"1T In{1/(fto)}] (fty<1) instead
curve, etc., predicted by the vortex glass and collective creeff P€ing the critical valud, due to the diffusion of vortices.
theoriest®4 We use ACS measurements in the millisecong”ccordingly, the penetration depth of the vortices is given by
time window. 6=h/J and depends also upon temperature, frequency, and
Consider a sample of a thin slab with applied fieltiz dc field. They” peaks when the flux front reaches the center
JIY, anduliX, thickness @, x=0 at the center of the slab, ©f the sample, i.e.5=d, because, say, the temperature

where v is the flux velocity. The nonlinear flux diffusion '€aches,, the peak temperature of the imaginary part of the
equation is ACS. The criterion for the peak ig” is* 12

U[J(Tp),Hyg Tpl=T, In[1(fty)], (33
wodid — 32 [bvoe Y9 T=0, 1)
o IATH(F)]=hid, 3b)
where b is the local induction, v=v,e VO'T  with t=1/f. Equations(3) determine the barrier and current

[vo=v(U=0)]. This highly nonlinear equation has been density, as in dc magnetization decay measurements. Thus it
solved theoretically? The activation barriers are is possible to measure the current-dependent activation bar-
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rier by studying the position of the peak ifi(T) for differ- 1
entf, h, andH . From the barrietd the relaxation of current
and the characteristi€(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 magnetic In the two meth-
ods a static critical state model such as the Bean model is
invoked.J, in the ACS method $18 i ©

X', X" (arb. units)
=

(T =hid. @)

Nevertheless, the giant flux creep means current decay and is

a severe challenge for the static model for estimadingrhe

J. estimated from Eq(4) should be frequency independent,  FIG. 1. y' andy” as a function of temperature bi;=0, f=1.5

otherwise it is not proper. A method for extracting the critical kHz, andh=0.02 G.

current from the frequency-dependent ACS data would be

interesting. On the other hand, it has been shown that themxtract U(J,Hgy,T)=Uq(J,Hg)U(T,). As an example of

exists a true superconductidg in the vortex glass phase Tp(fi), Fig. 2 shows the temperature dependencg’ofor

because the effective barrier for flux creep increases withouifferent frequencied, at Hy=3 kG andh=0.36 G, where

limit with decreasing current density. The other goal for thisone can see thak, increases with increasinj and hence

work is how to find such &, for Hg-1223. Also, we will ~ we have obtained ,(fy). This T,(f,) of Fig. 2 is also illus-

estimate thel. value as a function of dc field and tempera- trated in Fig. 3 by open squares which are fitted by the solid

ture assuming a special criterion for the ACS technique. straight line labeled 4 but in a different way, i.e., a plot of
In this paper we report systematic measurements of theJ(T,)/T, versus f with U(Tp)s[l—(Tp/TC)r]n and

real(x') and imaginaryy") parts of the ACS as a function of T.=117.1 K. Adjusting the andn, we find that whemr =2

temperature in different ac field amplitudes, frequencies, andndn=2 in the temperature regimﬁpmax—Tpmm%ZO K the

dc fields, and the flux dynamics properties of Hg-1223 in thetting functions are straight lines described by the Arrhenius

time window 10°-10 % s (10°-1C Hz). lawt6-18
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Il. EXPERIMENTS U(Tp)/Tp=[Uos(h,Hga)1~* IN[1/(ftes)], (5a)

The sample was synthesized as follows. The precursothere I(1/to,) and [Ug;(h,Hgj)] ™ are the intercept and the
material with a nominal composition Baa,Cu;0, was pre-  slope of the fourth fitting line, respectively. Displayed in Fig.
pared by calcining a thoroughly mixed powder of appropri-3 are summaries of the datsymbolg, showing the effect of
ate amounts of Bag) CuO, and CaO at 900 °C for 24 h. dc fields on slopes and intercepts of the fitting straight lines.
These precursors were then mixed with Hg@ressed into It is found that Irf1/to;) only varies slightly withH; and has
pellets, sealed in evacuated quartz tubes, and heated inmean value 14p~10" Hz from the seven intercepts. Plotting
closed steel container f8 h at 600—800 °C. Aelatively ~ Uo;j(h,Hgj) versusHy; (Fig. 4), we find that a function well
slow heating ratél °C/min) between 400 and 600 °C, where fitting the seven slopes'{s™®
HgO decomposes, was needed to avoid explosion of the
quartz tube. Details of saeQ:pIe synthesis and characterization
have been given elsewhéte. _ ; ; _

The complex ACS was measured in a home-made ac Sug(:]f;ﬁg:]._l' Therefore Eq(53) is the experimental fitting
ceptometer with sensitivity of 16 emu at different frequen- '
cies, amplitudes, and dc fields in the applied field
H(t)=Hg4+h cos(2rft) where Hyi>h or Hy=0. All the

Uo(Hg)=UguHgq ™ (6)

data fory(T) were recorded by a computer for later analysis. L
lll. RESULTS AND DISCUSSIONS :?
=i
A. The effective barrier U _:
Shown in Fig. 1 is the temperature dependencg’aind 8
X' for the sample aH =0, h=0.2 G, andf =1.5 kHz. From S 1. 200H
Fig. 1 one can find only ong’ step with onset af ,,=133 K 3. 1.6kHz
and oney” peak afT ,=125 K. In order to go further into the 3. 3.2kHz
flux dynamics, we measured the ACS as follows. First, we : 6. 12.8kHz ‘
measuregy(T) at varying frequencie$, (k=1,2,3,..), fixed —0.1g7 105T(K) 113

Hgj, and fixedh; to obtain the influence of on thex” peak
temperatureT,(f,), which is used to extradt(T,). Then
we changedy; andh; (i,j=1,2,3,..) and measureg(T) to FIG. 2. " as a function of temperature at=0.36 G andHy=3
obtain T,(h; ,Hgj,fy) in the same way, which are used to kG at different frequencies.
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FIG. 3. The plot ofU(T,)/T, [=(1-T3/T2)%T,] versusf in
different dc fieldsHy (1, 1 kG, 2, 1.5 kG, 3, 2 kG, 4, 3kG, 5, 4 kG,
6,5 kG, and 7, 5.9 ki h=0.36 G. The solid straight lines are fitted
curves. -
B
U(Tp)Uo(h,Hg) =T, In[1/(ftg)]. (5b) =
E=
It is easy to see from Ed3b) thatU, is in factU,; which ~
can be determined by a measurement similar to that for 5-‘:
Uo(Hy) but at differenth;. This measurement has been (=
done: an example of the effect bfon they” peak,T,(h;), is ol L
shown in Fig. %a) and the datésymbolg are summarized in 0.1 f(i(H ) 10
Z

Fig. 5b) where the fitting functions are the straight lines
whose slopes are jukty,;. Plotting theseJ ,,,; versush; and

using Eq.(6), we obtain the fitting functiorisolid curves in FIG. 5. (8 X" as a function of temperature &t3=3 kG in
Fig. 6) different ac amplitudes shown in the figuré) The plot of

U(Tp)/T, [=(1-T3/T2?T,] versusf at different amplitudes
(1,03G,2,06G,3,09G,4,15G,5,21G,6,2.7G, 7,330,
8,3.9G, 9,45G, and 10, 5.1)G13=3 kG. The solid straight lines
whereu=0.43 andA is a constant. For the cast,=>1 kG,  are the fitted curves.

the sample S|zec2 is considered to b_e the grain size. SCan'which has the characteristic predicted by the vortex glass and
hing electron microscopy observation shows the averagggiective creep theorig€ 4 Noting that T,>100 K and
grain i2€ 1 about 2m (d=1 pm) from whichA=2.4x10° 313 Aen?, we consider=0.43 to be evidence that the
(Alem?)” GT K. To compare with magnetization relaxation g, ystem is in the charge-density-wave-type pinning and
and hystgresus loop experiments whérés of the order of creep regime where the two theories predict0.5. Equa-
10° A2/cm , we extrapolate Eq(7) and ha_\veUOEu(J=106 tion (8) is fundamental for nonlinear flux dynamics as dis-
Alem?,Hy=20 kG T,=0 K)~10 meV. This value is compa- . ssed below

rable with the other higf-, superconductors. Substituting '

Uo(JHa) =AJ #Hg "™ ()

Eq. (7) andU(T,) into Eq. (5h), we have B. The irreversibility lines
—upy— _ It is very easy to find the so-called irreversibility lines
AT HHG L= (To/To) =T, In[1U(fto)] ® (ILs). Fr0n¥ Eq.(g) we have(at givenf andh) y
16 6

] i

— — 4

IO I %

= ~ 3}

T =

=) 5 2|
0 I Lo
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Ha(T, ) (kG) J(kA/cm®)

FIG. 4. Uyg(Hy) [=U(h=0.36 G,Hy, T=0 K)] as function of FIG. 6. Ug(J) [=U(J, Hg=3 kG, T,=0 K)] as a function ofl
dc field [*: the slopes of the lines in Fig. 3; solid lines: (*: the slopes of the lines in Fig. (®; solid line:
Uo(eV)=10.7H4y(kG)]. Ug(eV)=3.46J(kAlcm?)] %43,
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FIG. 7. The irreversibility linedH4(T,). f=1.5 kHz.h=0.2 G. FIG. 9. The characteristi&(J) curves at different fields and
Solid line: Eq.(9). Symbols: data from Fig. 3 for=1.5 kHz. temperatures.
Ha(Tp)=C(J,f )[U(Tp)/Tp]l’m (99  Sincet=1/f, J(f ) is in fact the current relaxation equation:
which becomegnearT,) J={AHg"U(T /[T, In(t/te) T}~ (10b)
Hy~C,(J,f )(1_Tp/-|-c)2/m/-|-é/m (9p)  Figure 8 displays the curvét) described by Eq(10). This

ACS measurement is performed in the time window of
whereC={A~13#In[1/(fty)]}” ¥ andC, = 4C. Equation(9) 9<In(t/ty)<18 (10 °<t<10"! s) whereas the range for the
shows that the IL's are dependent not only on the irreversysyal dc magnetic relaxation is 2(n(t/ty)<30 (10st<10*
ibility (the barrietU) of the sample but also on ac frequency, ) and for electrotransport is tft,<5.
amplitude, and sample siZt,), and thus are not an intrinsic From Egq. (10b the normalized relaxation rat&=
material property. An example of the IL's described by Ed. —d In J/d In't is [ In(t/ty)]. It is clear thatS is indepen-
(9) is shown in Fig. 1f=1.5 kHz anch=0.2 G by the solid  dent of temperature, and is 0.03 tor 103 s (f =1 kHz) and

curve. It should be emphasized that Fig. 3 represents IL'§ 017 fort=10° s (f=1 mH2), the so-called “plateau” as
measured at different frequencigsfor givenh. To everyf,  gbserved in YB5Cu0, 19

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 fée=1.5 kHz in Fig. 3. One can
also construct another sort of IL at different ac amplitudes ~ We now switch off the ac field to study the electric fiéld
with fixed f. Therefore one should be careful when one cominduced by the current relaxation. According to the London
pares the present IL's with those obtained from differentequation this electric field is

measurements and samples. For example, a dc magnetic

D. The E(J) curves

_ 2

method may be equivalent to the ACS onefas0 whereas E=—pod®dd, (113

an electric transport experiment is similar to the ACS one afyhered is the penetration depth at thé peak. Using Eq.
smallJ and very high frequencieg—0). (10b), we have

C. The current density J E=puod?J*# exd — (Ig/D*] (pIgto) (11b

It is easy to obtain the current density from E8): where J,={AH gm[(l_Tg/Tg)Z/Tp]}lfﬂ_ Equation (11b)
m 1/ shows that decays with decreasinhexponentially, as pre-

J={AH; "U(Tp)/[T, In(1/fto) I} . (103 dicted by vortex glass theory, and there indeed exists “zero

resistance current” in Hg-1223 for a givef. .> Shown in
r Fig. 9 are theE(J) curves according to Eq11b) at f,=10°
i Hz (t0:10‘9 s) and several temperatures and fields.

1000: - .
4 80K E. Critical current density

From Eq.(11b we can obtain]. as a function of tem-
00K perature and dc field for a given criteridy :

J(kA/cm®)

3e=[ utoEedy explIgIo) 1 (HET puuod?)] 43+ 1),
(12

- 5 This equation determines the temperature- field-, and
In(t/to) criterion-dependent critical current densid(T,,Hy,E.)
completely. Keeping in mind that all the experimental fitting
FIG. 8. The current relaxatiod(t) at H4=3 kG and different  functions are obtained from studying th& peak position,
temperatures. we write T=T, hereafter for simplicity. For example, letting

115K
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FIG. 10. The extrapolated,(T) curves atE.=10"* V/m and

different fields based on EqL0). FIG. 11. The extrapolated.(Hy) curves atE,=10"* V/m and

4 . 9 different temperatures based on Ef0).
E.=10"" V/m and usingd=1 um t,=10" s, one can cal-
culate the critical current densities at differdfiy and T.  tyre, and criterion for Hg-1223 are obtained by systematic
Shown in Figs. 10 and 11 are the importah{T) and  ACS measurements. The fundamental flux dynamics func-
Jc(Hg) curves, respectively, which are obtained by extrapotion, i.e., the activation barriet)(J,H4,T), current relax-
lating Eq.(12) to temperatures and fields where our experi-ation J(t), magneticJ., the so-called irreversibility lines,
ment has not been carried out but which are interesting fognd the characteristic curv&svs J determined by the earlier
scientific research and technical applications. relaxation measurement® the time window 10°-107* s)

The stability of the flux-creep-determineli should be  are compared with the predictions of the vortex glass and
studied, and it has been determined by E), e.g,, as a collective creep theories. The glassy expongrt0.43 at
result of the logarithmic decay, the normalized decay duringr~110 K andJ=10? A/cm? is considered to be evidence of
one week[J (t=1 weeR/J(t=1 min)] is about 0.5 only, the charge-density-wave-type pinning and creep in the vortex
which means such flux-creef; values are rather stable. glass phase predicted by the vortex glass and collective creep
These results show that Hg-1223 phase material has high afeories. The highd, and highT, indicate that the Hg-based

stableJ. and is a promising material for applications. compound is a promising material for technical applications.
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