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The magnetic hysteresis loop {MHL) amplitude increases with the sweep rate of the -
external magnetic field B,. Each MHL recorded with a sweep rate dB./dt can be
labeled with an “eflective” time {5y, which represents the time needed for the relax-
ation at constant B, of magnetic moment M from the critical state M, to the value
M, of a given MHL. The dependence of M on dB,/dt provides essentially the same
information as magnetic relaxation experiments at constant B,. The determination
of trr, from a general dependence of M on aweep rate dB./di or on rate of relax-
ation dM /dt is described and applied to experimental data obtained for an epitaxial
Y Ba;Cu307 thin film. In comparison with conventional relaxation at constant mag-
netic field MHL experiments make it possible to drastically extend the time window
of relaxation processes towards shorter times (down to 10=%s or less). Combination
of both methods enables more precise tests of existing models on vortex motion in
layered superconductors.

1. Introduction

Very large relaxation of the critical current j is a characteristic feature of all
known high temperature superconductors (HTSC) and it presents a limit for some
technical applications. Relaxation of the magnetic moment i3 by many orders of
magnitude larger in HTSC than in conventional superconductors. This effect is
determined by the easy depinning of vortices in actual HTSC materials [1]. The
current density j (determined through Maxwell’s equations by the distribution and
shape of vortices in the matenal) is closely related to the magnetic moment M,
[2], induced in a superconductor by a change of the external magnetic field B.. In
a thin film the density of flux lines is approximately constant and the current j is
carried mainly by the curvature of vortices. Therefore the investigation of M is of
direct relevance for the study of vortex motion and of j.




The giant relaxation in HTSC is believed to be caused mainly by thermally
activated motion of vortices similarly to that in conventional superconductors [3].
An essential parameter is the activation energy U which is generally a non-linear
function of j. As a consequence, pronounced non-logarithmic relaxation has been
observed especially in HTSC’s with low activation energies, such as Bi-based mate-
rials [6, 7, 8] while a linear U(j) dependence (following from the simple Anderson-
Kim’s model [3]) yields purely logarithmic relaxation as is usually observed in
conventional superconductors.

Several models have been proposed to explain non-logarithmic relaxation [4, 16,
17, 18, 19]. Most attention has been paid to the modified model of vortex glass
[9, 16] and, in particular, to the theory of collective pinning [6, 9, 18]. For the
determination of the current dependence U(j) it is necessary to monitor relaxation
over the widest possible time window as a function of temperature and field (thus
not only at zero B, as in refs.[6] and [9]). :

For samples with a large demagnetizing factor, magnetic relaxation experiments
at constant B, are difficult to perform since the transition from a fast sweep-rate
of the external field B. to the constant B, regime can induce uncontrolable cur-
rent patterns in the sample which perturb considerably the subsequent relaxation
process. Following the work of Piist et al [12] we show that information on fast
relaxation at short times can actually be derived from magnetic hysteresis loop
(MHL) measurements at high sweep rates by associating an effective time ty, to
each sweep rate.

On the basis of a phenomenological model these authors suggested that data on
the sweep-rate dependence of the magnetic moment (i.e. M(dB./dt)), determined
from direct measurements of MHL’s could be translated into magnetic relaxation
data M(ta,) by defining an appropriate effective time tag,. In this way the time
window of relaxation experiments could be markedly extended on the short time
side (down to typically 107%s).

2. Experimental

In this paper we illustrate the above mentioned method with new data measured
by means of a vibrating sample magnetometer on a ¥ Ba;Cu3Or_y epitaxial thin
film grown by dc sputtering on CaNdAlO, substrate. The magnetic moment M was
measured by a vibrating sample magnetometer with magnetic field applied along
the c-axis. A set of MHL’s measured with B, sweeping at different rates dB./dt
ranging from 88.8 to 1 mT/s was recorded to obtain MHL relaxation data (Fig.1).
The measured MHL'’s were numerically corrected for the finite time constant of
the VSM electronics. Besides MHL experiments we also carried out conventional
relaxation taking special care to prevent any overshoot of B,. It was preceded by
field sweep at the rate dB,/dt = 29.45 mT/s. As indicated in Figure 1. the sweep
rate dB,/dt decreased during a transition time interval after stopping field ramp
continuously to zero. All measurements were performed at T = 26.0 K.
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Figure 1. Parts of magnetic hysteresis loops measured at sweep rates dB, /dt = 88.8,
29.45, 8.96, 3.1, 1.03, 0.309, 0.103 mT/s (going from the upper to the lower curves) in
vicinity of the magnetic field value B, = -0.9957 T at which ” conventional” relaxation
was also measured. The insert shows the analyzed part of the whole MEL set. The
arrow indicates sense of the MHL run. There is also shown the transition between
MHL- and constant-B,- regimes preceding the "conventional” relaxation measuremen-
t. Sign [0 indicates the point at which B, got constant and from which downwords
the ” conventional” relaxation was analyzed. Stars indicate the points on MHL’s taken
for analysis of MHL relaxation. Measurements were carried out at T'= 26 K.

3. Model and Discussion

In actual experiments the constant magnetic field B, at which the mag- netic
moment relaxation M(t) is to be studied cannot be reached in an infinitely short
time.and finite sweep rate dB./d! leads to a "sub-critical” state. Moreover, there is



always a transition period between the field-sweep (dB,/dt = const) and constant-
field (B, = const) modes of operation of the magnet. To avoid these problems
many authors analyze their magnetization data after a waiting time of 10 to 10%s
in order to get rid of transients. As pointed out in [5, 12, 15], magnetic hysteresis
loop experiments at various magnetic field sweep rates give essentially the same
information as relaxation data. For example, in the Kim-Anderson approximation
where the activation energy U(j) for thermally activated vortex motion depends
linearly on j,i.e. U(7) = U.(1 —3/j.), the current density j induced in a supercon-
* ducting cylinder of radius a by sweeping the external field parallel to the cylinder
axis at a constant rate dB,/dt is given by

j(BudBe/dt)=jc[1—%€-ln(;§’§%)] W

where v, is the velocity of flux-lines when U = 0, i.e. when j = j.. After a stop of
the field sweep at a given value B, the current decays following a logarithmic law

50 =30 - (145) ©
where
ro= ﬂoazjckT exp [(Uc/kT) (1 - j(O)/jc)] (3)
' v.B.U.

The similarity between the relaxation and the MHL measurements at various sweep
rates results directly from the structure of the flux creep equation (5, 15]

dM U(j) dB.
Po~ gy = Av, B, exp (-——7&,—- —Xo g (4)

which is derived from Maxwell’s equation VX E = —§B/3t with E = —v x B
after integration over the cross-section of a sample. The external magnetic field
is H. and B, = poH., the vortex velocity v = v,exp(—U(j)/kT}), the differential
susceptibility x, and the geometric factor A depend on the size and shape of the
sample. The magnetic moment M of the sample is then directly proportional to
the current density j [5, 15]

M= -y (5)
The minus sign is due to our convention for the current direction. 2 depends also
on the sample shape. For a thin slab of thickness 2a, width b and length ¢, with
B, in the slab plane

o Yo =2abe, A=1be, Q=a’bc (6)
while for a disk we have
x2a® 2ria® T s
o = T, = -1, = - 7
Xo =3¢ 3C 340 (7)

where a is the radius, D the thickness, and p,al the self-inductance of the disk.
We can solve eq. {4) formally for U{j):

B.Av,
(po dM [dt + x, dB./dt)

UU):kTm[ (8)

4



An interesting property of eq. (8) is that for a given value of B,, the current j
has the same value during a sweep and a relaxation, if {s, dM/dt + x, dB./dl]
is constant. Of course, during a MHL measurement at a given field sweep rate
dB./dt # 0, dM/dt = 0, while during a relaxation experiment dB,/dt = 0 and
dM/dt # 0. However, if we make a graph of j versus [g, dM/dt + x, dB./dt]s
for a sweep (S), the relaxation curve (R) fits in the same graph, if one represents
j as a function of {s, dM/dt]r . This means that the function U(;)/kT can be
determined up to an additive constant by plotting — In{g, dM/dt + x, dB./dt] as
a function of j, irrespectively of the type of measurement (MHL at various sweep
rates or magnetic relaxations at constant B.). From this graph it is then possible
to determine completely 3U/8; by simple differentiation and to compare these ex-
perimental data with the predictions of theoretical models. To do that, we need to
determine the current density experimentaily.
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Figure 2. Magnetic moment as a function of dB./dt determined i) directly from
M H I, measurements (  } and ii) from relaxation at constant magnetic field (+) using
eq.{11). The susceptibility x, required for the conversion of dM /dt data into dB,[dt
was measured after ac demagnetization at zero field (x, = 6.4x 1075 m?).




As discussed in {5, 15] during a MHL experiment [p, dM /dt < x, dB,/dt] and
consequently eq. (8) can be written as

: Xo dB.
= —kT] —
U(j) = —kT'n (ﬁvoB, di ) )
For magnetic moment relaxation we have
_ dM
Nk po dM
vi) Tha (/.\‘U,,.Bc dt ) (10)
From eqgs. (9) and {10) immediately follows that
dB., p,dM
E " x & )

Consequently a plot of e.g. M versus dB,/dt is identical to a plot of M versus
(o) x0)dM [dt, see Figure 2.

For a comparison of experimental data on U/(;7) and theoretical models the pro-
cedure described in the previous section based on the analysis of the relaxation
rate dM /dt is sufficient in itself. For a deeper understanding of the relationship
between MHL sweeps and magnetic relaxation it is, however, useful to convert
MHL measurements to the time domain. This means that we need to associate an
"effective” time to each MHL carried at a given sweep rate dB./dt, i.e. to each
value of M on MHL. To define this effective time we proceed as follows.

To a given value of j, or equivalently, to a given value of the magnetic moment
M correspond definite values of dM /dt and dB,/dt. Consequently a plot of e.g.
M versus dB,/dt is identical to a plot of M versus {u,/x,)dM /dt as is shown in
Fig. 2. By combining MHL experimental data with conventional relaxation data
it is thus possible to construct point by point the function relating M to dM /dt,

oI Vice versa
iM

— =9(M) (12)
This differential equation for M can be formally integrated to give
M i
aM
t= (13)
fm, 9(M’) .

which describes a relaxation process starting at ¢ = 0 with a magnetic moment
M(t=0) = M, in the form ¢t = ¢(}). By inversion of this function one can calculate
M(t) = fm,(t) where the index M, is added to indicate clearly that t starts at the
initial state M,.

By means of eq. (13) it is possible to calculate the relaxation process from
any initial state, i.e. even from states for which a relaxation experiment cannot
be performed in an actual experiment because it would require an abrupt and
controlled stopping of the magnetic field sweep. Among the many possible initial
states one is of special interest as it allows to associate to each sweep rate dB,./dt
an effective time. To show this we consider a field sweep (dB./d?t). = v,AB. /X,
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for which U{j} = 0, i.e. for which the sample is in a critical state with j = j..

The corresponding magnetic moment is M, = —Qj.. The relaxation time from this
critical state is similarly to eq. (13) given by
M aM’
t = j —— (14)
M. Q(M )

The corresponding relaxation function is M(¥) = far(t). The two time scales
t and t’ are simply related to each other by

V=t 4+t (15)
with A
> dM'
tag, = —_— (16
"’ fM 20 (16)

. Remembering that the initial state with magnetic moment M. is reached by
sweeping the field at a rate (dB./dt). satisfying eq. (9) with j = M./ we see
that ta, is related to (dB./dt). through eq. (16). The physical meaning is the
following: ta, is the iime at which magnetic moment relaxing from the critical
state M(t=0) = M. reaches the value M{ts,) = M,. From egs. (13) and (14)
follows also that
M(t) = far,(t) = S (t +tu,) (17)
which implies that all relaxation curves collapse into a single master curve after
shifting of their time axis by the time ¢, corresponding to their initial state. This
property is closely related to the existence of a "waiting” 7 in egs. (2) and (3) ‘as
shall be discussed in a forthcoming publication. '
A quantitative evaluation of ¢, requires the knowledge of the g(M) function for
M < M,. Except at low temperatures M = M. cannot be reached with practically
available sweep rates. It is then necessary to extrapolate the measured part of
the g(M) fanction (for M < Mpa:) between Mo and M. At sufficiently low
temperatures where |M /M, — 1| « 1 is satisfied, for the whole class of activation

energies given by
U e\
o(;)=—-[(*’—.) -1 (19)
U 7

the function g(M) is to first order independent of y and

o) = 222 o [—55- (1‘- 3)] o

=]

This implies that a plot of In{g(M)) (or equivalently In(dM/ dt)) versus M is
2 linear function for M close to M.. From a linear extrapolation of a M versus
n(dB./dt) plot to M. we can determine the corresponding (dB./dt).. M. was
obtained by extrapolation of M(T) to zero temperature. For T < T}, we can
safely assume that M.(T) = const. = M(T = 0) which is easily measured. The
slope of this extrapolation is equal to kT M./U. from which U. can be determined.
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We have now all ingredients to calculate t4,. For the fastest sweep rate (dB./dt)masx
corresponding to M, = Moz

M,
i o [Z (1M .
t”/wc Xo(dB./d2): ‘"""[k’r (1 w)] M (20)
which can be rewritten as '
FoMc kT Uc me
L A Ye _ _ | .
° = Yo(dB./dt). U. {"XP [kT (1 M )] 1} (21)
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Figure 3. Magnetic moment as a function of the effective time ta, calculated using
eq.(16) for data from Figure 2. Stars correspond to MHL data, triangles to she "con-

ventionai” relaxation.

For the experimental data presented below Mnaz = 4.01 X 10~ Am?, U./kT =~
6.1, (dB./dt), =~ Tx10* T/s and x, = 6.4x10~8 m®. This leads to t, = 2x107°% s
while the time corresponding to the fastest conventional relaxation experiment
is in this time scale about 3 s or lower. Here it should be mentioned that at the
temperature T = 26K conditioa [.M/ M.—1| < 1is not well satisfied and. therefore.

§
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for the exact determination of ¢, integration of dM /dt with a proper value of y is
necessary. In our case y = 1.43 and correspoding ¢, = 0.005 s. This shows vividly
that MHL measurements make it possible to extend significantly the time window
on the short time side down to 107%s,
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