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The time dependence of the zero-field-cooled and thermoremanent magnetization of the isotropic
extreme type-II superconductor PbMo6SS has been measured at temperatures 0.7 ~ T/T, ~ 0.95 and
for fields 1 ~ H + 300 G. The results show that the time dependence of the decay can be divided into
three different field regimes: (1) A low-field regime with a closely logarithmic decay and a well-
established critical state. The relaxation rate [BM/8 1n(t)] increases as H for the zero-field-cooled
magnetization and as H for the thermoremanent magnetization. The reduction in magnetization
over 5 decades in time (0.3—3X10 s) is, at most, a few percent. (2) A crossover-field regime with a
change from a logarithmic to a nonlogarithmic decay. (3) A high-field regime where the time
dependence of the decay is well described by the expression 5M-[ln(tlro)] . The reduction in
magnetization in the crossover- and high-field regimes is as large as 25 —30% in the measured time
interval. The results in the high-field regime are interpreted within the theory of collective Aux
creep. Comparisons are made with the magnetic relaxation found in anisotropic high-T, supercon-
ductors.

INTRODUCTION

Soon after the discovery of high-T, superconductors, '

it was observed that sintered, as well as single-crystalline,
materials showed large relaxation effects in their magneti-
zation. The observation of an irreversibility line, which
showed some resemblance with the Almeida-Thouless
line in spin glasses, together with the memory effects ob-
served in measurements of the magnetic relaxation by
Rossel et al. have led to the suggestion of a glassy be-
havior in high-T, superconductors. Hetzel and Morgen-
stern have, by using a disordered and frustrated XY
model to model the behavior of weakly coupled supercon-
ducting grains, managed to reproduce several of these ex-
perimental findings. Others have argued that the ob-
served time decay of the magnetization, generally re-
ferred to as being logarithmic, can be understood in
terms of a conventional Aux-creep model with thermally
activated Aux motion. The unusually large magnetic re-
laxation of high-T, superconductors is in such a model
explained by small values for the activation energies, a
direct consequence of the small coherence length g and
high measurement temperatures. Fisher has argued
that, for an extreme type-II superconductor (Ginzburg-
Landau parameter Ic=k./g))1), pinning of vortices, by
e.g. , impurities, destroys the long-range order of the Aux
lattice. At sufficiently low temperatures, a new thermo-
dynamic phase is predicted, a vortex-glass superconduc-
tor, while at higher temperatures thermal Auctuations of
the vortex-line density will result in an unpinned vortex
liquid. Fisher predicts that the magnetization (and the

metastable currents) in the vortex-glass state will decay as
5M —[ln(t)], where a) l. A similar time dependence
is proposed by Feigel'man et al. within their theory of
collective Aux creep developed in the case where the
screening current density (j) is much smaller than the
critical current density j « j,. Nelson and Seung have
also presented theoretical arguments supporting that the
vortex lattice is melted over a significant portion of the
H-T plane. The large anisotropy of high-T, supercon-
ductors, resulting in a much smaller value for the elastic
tilt modulus of the vortices as compared to the case of an
isotropic superconductor, will, according to these au-
thors, result in a heavily entangled Aux liquid. At
present, there is no complete theory predicting what
effect an entangled Aux liquid will have on the vortex dy-
namics.

To get a better understanding of the magnetic relaxa-
tion effects of extreme type-II superconductors, it is of
paramount importance to experimentally examine the re-
laxation effects in a wide field and temperature regime.
Furthermore, to single out the effect of a small coherence
length on the time decay of the magnetization in high-T,
superconductors, it is valuable to investigate the magnet-
ic relaxation in an isotropic, extreme type-II supercon-
ductor.

In this paper we present results of the zero-field-cooled
and thermoremanent magnetic relaxation of the isotro-
pic, extreme type-II, superconductor PbMo6S8. Our re-
sults show that the relaxation behavior in our experimen-
tal time window (0.3—3 X 10 s) can be divided into three
different field regimes.
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(i) A low-field regime, H (H*(T), with a closely loga-
rithmic magnetic relaxation [H*(T) is the field at which
full flux penetration in the sample is reached]. The ob-
served decay increases rapidly with the applied magnetic
field. The reduction of the magnetization in the experi-
mental time window is, at most, a few percent. The de-
cay of the thermoremanent magnetization is always
larger than the decay of the zero-field-cooled magnetiza-
tion.

(ii) A crossover-field regime, H-H*(T), with a gradu-
al change from a logarithmic to a nonlogarithmic mag-
netic decay. The relaxation rate of the zero-field-cooled
magnetization (BM/Bint) exhibits a maximum at a cer-
tain field-dependent observation time. It will be argued
below that full Aux penetration in the sample is achieved
at the observation time where the relaxation rate curve
exhibits a maximum. The important implication of this
result is that full Aux penetration in the sample can be
achieved both with increasing magnetic field and with in-
creasing observation time. The observed decay can be as
large as 25—30%%uo of the magnetization value detected at
the instant at which the recording of the magnetic relaxa-
tion was started.

(iii) A high-field regime, H )H (T), with a nonloga-
rithmic magnetic decay. The time dependence of the re-
laxation is well described by an expression of the type
5M —[1n(tlro)] . The decay of the thermoremanent
magnetization is independent of field while the decay of
the zero-field-cooled magnetization decreases with in-
creasing magnetic field. The reduction of the magnetiza-
tion is of the same order as in the crossover-field regime.

The results of the magnetic relaxation measurements on
the PbMo6S8 compound will be compared with results
obtained from magnetic relaxation experiments on high-
T, superconductors.

EXPERIMENT

A single crystal of the superconductor PbMo6S8 with a
hexagonal-rhombohedral crystal structure, was used in
the present measurements. The single crystal has the size
1X0.8X0.3 mm and the weight m =0.0015 g. A coher-
ence length of g-25 —30 A, giving a = 140—150, has pre-
viously been determined for this compound from mea-
surements of 0,2 at low temperatures. Furthermore, an
anisotropy ratio of only 1.2 has been reported for H, 2

measured perpendicular and parallel to the ternary axis.
This anisotropy is negligible when compared to the corre-
sponding anisotropy ratios determined for the
YBa2Cu307 and Bi2 2Sr, 7CaCu208 high-T, superconduc-
tors. ' Rossel et a/. " have previously shown, using sin-
gle crystals of PbMo6S8 from the same batch as the crys-
tal used in the present study, that the PbMo6S8 supercon-
ductor exhibits similar irreversibility and magnetic relax-
ation properties as those generally attributed to high-T,
super conductors.

A dc SQUID magnetometer was used to study the time
decay of the zero-field-cooled (ZFC) and the ther-
moremanent (TRM) magnetization in the observation
time window 0.3—3 X 10 s. The magnetic field, oriented

randomly with respect to the lattice, is produced by a su-
perconducting NbTi magnet operating in persistent
mode. The switch time for the magnet is shorter than
0.01 s. The ZFC (TRM) decay is measured by cooling
the sample in zero field (an applied field) to the measure-
ment temperature. The magnetic field is then applied (re-
moved) and the relaxation of the magnetization is mea-
sured as a function of observation time. Having complet-
ed a measurement of the time decay of the ZFC (TRM)
magnetization, the sample is heated to a temperature
above T, ( = 14.5 K) and the absolute value of magnetiza-
tion at the measurement temperature is established. This
procedure for measuring the magnetic relaxation was fol-
lowed for several temperatures in the range 10
(T/T, =0.7)—13.8 K (T/T, =0.95). At each tempera-
ture the relaxation was measured at more than 20
different fields in the range 1—300 G.

RESULTS AND DISCUSSIONS

Figure 1 shows the ZFC and TRM magnetization as a
function of field at the temperatures 13.0 and 13.5 K.
The different curves have been obtained from measure-
ments of the time decay of the ZFC and TRM magnetiza-
tion and each curve illustrates the field dependence of the
magnetization at a specific observation time in the relaxa-
tion experiment. The arrows indicate values of H„ob-
tained from the expression

H„(T)= 1.73H„(0)(1—T/T, )

using H, i(0)=59 G. ' Figure 2 shows the relaxation
rate BM/Bin(t) for the ZFC and TRM magnetization
versus field at the same temperatures as in Fig. 1. The ar-
rows indicate the field strengths where a change from log-
arithmic to nonlogarithmic relaxation of the magnetiza-
tion occurs. The relaxation rates plotted in the field re-
gime with a nonlogarithmic decay are deduced at an ob-
servation time of =30 s. While the decay of the ZFC
magnetization starts approximately at H, i(T) (defining
the onset of the decay as the lowest field at which the re-
laxation is experimentally detectable), a decay of the
remanent magnetization is detectable even at fields below
H„(T), since, in this case, flux is trapped in the supercon-
ductor. In the field regime with a logarithmic decay of
the magnetization, the relaxation rate increases as
BM/8ln(t)-H for the ZFC magnetization while it in-
creases as BM/8 1n(t) -H for the TRM magnetization.
In the field regime with a nonlogarithmic decay, the re-
laxation rate of the TRM magnetization becomes field in-
dependent, while for the ZFC magnetization it goes
through a maximum and then decreases with increasing
field. The magnitude of the decay in the field regime with
a logarithmic decay of the magnetization is, at most, a
few percent of the magnetization value while the magne-
tization decays as much as 30% in the field regime with a
nonlogarithmic decay. From Figs. 1 and 2 it is seen that
the time decay of the TRM magnetization is larger than
(or equal to) the time decay of the ZFC magnetization for
all fields. One possible explanation for a smaller decay of
the ZFC magnetization at low fields is that there exists a
surface barrier to Aux motion into the sample. With an
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FIG. 3. ZFC relaxation rate [BMz„c/8ln(t)] vs field in a
log-log diagram at five different temperatures in the interval
0.7 & T/T, &0.93. The rate is given in the same units as in Fig.
1. Only the low-field regime with a logarithmic decay is shown.
The background relaxation rate BM/8 1n(t) =1X10 'H has
been subtracted from the plotted data.

the magnetization are often used to obtain information
on the apparent pinning energies. '" Generally such
measurements are performed in the field regime H ))H*
(where H* is the field at which the sample is fully
penetrated by the field). The results presented in Fig. 3
are, however, from measurements in the field regime
H & H*. Yeshurun et al. have extended the Bean
critical-state model by introducing a field-dependent criti-
cal current density j,=j„(H„/h)", where j„is the max-
imum critical current density at a given temperature, h is
the local field, and n is associated with the pinning
strength. Using this model, the following expression can
be derived for the apparent pinning potential:

Up =ln +
kT ~p

am
3 1n(t)

H„~H ~H*, (1)

where 7 p is a microscopic time usually assumed to be in
the range 10 & ~p & 10 ' s. This expression differs
from the expression valid for H ))H* in that (M +H) is
used in the denominator instead of just M when calculat-
ing the normalized relaxation rate. We have used Eq. (1)
to calculate the apparent pinning potential from our data
at different temperatures and different fields. At all tem-
peratures, the apparent pinning potential first decreases
with increasing field, up to a field -4 times larger than
H„(T), after which it levels off to a constant value. Us-

ing ~p=10 ' s, this constant level is =40 meV for all
temperatures shown in Fig. 3. For fields closer to H„,
the calculated values of Up are in the range of 100—200
meV (the lower limit corresponding to the higher temper-
atures shown in Fig. 3). A field dependence of Uo is not
foreseen in the model, the decrease of Up with increasing
field is therefore rather surprising. It has been suggest-
ed' that, at sufficiently high fields when the vortex lattice
spacing is significantly smaller than the superconducting
penetration depth, there will be a crossover to a new kind
of collective pinning behavior where the apparent pin-
ning potential depends on field as Up ~B '. The present
results have, however, been obtained using fields which
do not fulfill this requirement for the vortex lattice spac-
ing and hence such an explanation is not valid in our
case. Xu et al. ' have argued that the apparent pinning
potential determined from magnetic relaxation experi-
ments will not yield the true depth of pinning potential
U . In the Aux-creep model one customarily assumes
that the effective pinning potential is a linear function of
the Aux density gradient. If this approximation fails, the
measured apparent pinning potential will not yield the
true value of U and results on Up will, in this case, not
be representative of the true pinning potential and how it
depends on temperature and field. The existence of a sur-
face barrier to Aux motion into the sample will also have
an inAuence on the extracted values of the apparent pin-
ning potential. It can be shown, using the simple model
for the surface barrier discussed above, ' that the surface
barrier decreases with increasing field. With such an ex-
planation, the results presented above imply that Aux
motion in the low-field limit is partly controlled by the
surface barrier while at higher fields, where the extracted
values of Up levels off, the Aux motion is controlled by
the intrinsic pinning barriers. The validity of this ex-
planation can be tested by relaxation measurements on a
powdered sample of PbMo6S8, where any inAuence of sur-
face barriers should be negligible.

Figure 4 shows the time decay of the ZFC magnetiza-
tion [Fig. 4(a)] and the relaxation rate [Fig. 4(b)] at
T =13.5 K. The different curves correspond to different
fields in the field regime where there is a gradual cross-
over with time from a logarithmic to a nonlogarithmic
decay. Consulting Fig. 1(b), we see that this crossover be-
havior occurs at fields slightly larger than the field at
which the magnetization obtains its maximum value.
The nonlogarithmic character of the decay is particularly
evident from Fig. 4(b) where the relaxation rate at con-
stant field exhibits a maximum at a certain field-
dependent observation time (t,„). With increasing field
this maximum is pushed towards shorter observation
times in such a way that there is a linear relationship be-
tween the applied field and 1 (tn, „). Since the reduction
in magnetization is as large as 25—30% over 4.5 decades
in time and since the relaxation is nonlogarithmic, it
would be improper to conclude that the material is in a
critical state. Nevertheless, we will use arguments from
the critical-state model to interpret the results shown in
Fig. 4. Using the extended Bean model~ (or some other
flux-creep model with a local field-dependent critical
current' ' ' ), it is possible to show that the relaxation rate
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of the ZFC magnetization should have a maximum at
H*. It can also be shown, using the same model, that
full Aux penetration will occur at a field slightly larger
than the field (H ) at which the magnetization obtains
its maximum value

Hr [( +1)Hn+1+Hn+i]1/(n+i)

Although not conclusive, remembering the weakness of
using the critical-state model to explain the observed be-
havior, we therefore propose that the observation time
where the relaxation rate curve at a given field exhibits a
maximum, as shown in Fig. 4(b), corresponds to the time
when full Aux penetration in the sample is achieved. The
important implication of the results shown in Fig. 4(b) is
then that full Aux penetration can be achieved both with
increasing observation time (on experimental time scales)
and with increasing field. The observation of a linear re-
lationship between the applied field H* and ln(t-, „)lends
further support to such an interpretation. It can be

shown using the Bean model that H* will depend on t
like

H* ~1—(k'T/Uo)ln(t-, „/ro),
in accordance with our experimental results.

Although the decay of the TRM magnetization shows
a gradual change from a logarithmic to a nonlogarithmic
time dependence in the same field regime as the ZFC de-
cay, the relaxation rate curves do not show any maxima
as a function of observation time in this case. Instead,
with increasing observation time in the crossover-field re-
gime, the TRM relaxation asymptotically approaches the
decay of the high-field, field-independent TRM magneti-
zation [see Fig. 5(b)]. This is due to the fact that a par-
tially penetrated Aux state is never attained in TRM mea-
surements since, prior to the removal of the applied field,
the sample is in a fully penetrated fiux state (the Meissner
signal is only =30%%uo of its ideal value at H = 10 G).

Figure 5 shows the decay of the ZFC [Fig. 5(a)] and the
TRM [Fig. 5(b)] magnetization at 13.5 K in the high-field
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FIG. 4. Time decay of the ZFC magnetization at different
fields and the corresponding relaxation rates vs log( t) at
T = 13.5 K. The time decay is given in the same units as in Fig.
1. (a) Mz„c(t). (b) BM „ /8 ln(t).

FIG. 5. Time decay of the ZFC (M»c ) and the TRM
(MT~M) magnetization vs log(t). The time decay is given in the
same units as in Fig. 1. The different curves correspond to the
decay for different fields in the field regime with a nonloga-
rithmic decay. (a) MzFc(t). T=13.5 K. (b) MTRM(t).
T = 13.5 K. The time decay of MT~M(t) is field independent for
0 )60 G. The solid line represents the best fit of the experi-
mental data for H & 60 G to the expression
MT~M = A [In(t/~o)]
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regime. The decay curves of the TRM magnetization for
two fields in the intermediate field regime have also been
included in Fig. 5(b). The high-field regime is defined
from the character of the decay of the magnetization.

(i) The magnetization has a nonlogavithmic time depen-
dence.

(ii) The reduction of the magnetization at a given tem-
perature and field is 25—30%.

(iii) The magnitude of the decay and the absolute value
of the TRM magnetization are independent of field while
the same quantities for the ZFC magnetization smoothly
decrease with increasing field.

fit a power law and a stretched exponential to the experi-
mental decay of the magnetization. Neither of these
functional forms can give a good description of the ob-
served decay. We believe that collective Aux creep with

j « j, is progressively reached when full Aux penetration
of the sample is achieved (at H*) since, at that point, no
large screening currents (j-j, ) can fiow; the critical
state breaks down. According to the proposed theory,
the exponent o, changes for different regimes of collective
Aux creep. As j decreases below j„a first region with
o.=7 is entered,

As mentioned above, the concept of a critical state is only
well defined if the time decay is logarithmic and if the
reduction in magnetization is small, i.e., if the screening
current density (j) associated with the fiux gradient in the
sample is of the same order as the critical current density
(j,—j)«j, . The theory of collective fiux creep also in-
cludes the case when j « j, and can therefore be em-
ployed in a wider field regime. The main result of this
theory is that, for j«j„the activation barrier [ U( j)]
grows with decreasing screening current density as
U(j) ~ j ' . Since U[j(t)] depends on observation
time as

U[j (t)] ~ T ln(t/ro),

it follows that the screening currents will depend on ob-
servation time as

j (r) ~ [T1n(r/r, )]

In the following it will be assumed that the decay of the
screening currents in the limit j «j, is reAected in the
time dependence of the magnetization so that

5M ~ [T ln( t /ro ) ]

[as is the case in the critical-state model in the limit
(j,—j)«j, ]. The time dependence of both the ZFC and
TRM magnetization has been fitted to this expression. In
the case of the ZFC decay, one must include the equilibri-
um magnetization value M, as a fitting parameter. Al-
though it is possible to obtain good fits, different com-
binations of fitting parameters yield equally good fits. In
the case of the TRM magnetization, the equilibrium mag-
netization value is zero. It is then possible to construct
the following derivative:

I8 in[MrRM(t)]/8 in(t) I

which should be a linear function of ln(t), with a slope of—(1/a) and a ln(t) =0 intercept of (1/a)logio(ro), if the
above expression for time dependence of the magnetiza-
tion is correct. Plotting this derivative, at 13 K for
H & 150 G and at 13.5 K for H )60 G, as a function of
ln(t) gives straight lines and the following values of the
parameters: a= l. 1+0.1 and log, o(ro)= —8+1 at 13 K
and a=1.25+0. 1 and log, o(ro)= —9+1 at 13.5 K. The
fit for the decay of the TRM magnetization has been in-
cluded as a solid line in Fig. 5(b). We have also tried to

where collective pinning of single vortices occurs. The
condition g &L, &ao is satisfied, L, being the longitudi-
nal size of the short-range correlation volume V, of the
fiux line lattice (fiux line lattice with weak disorder) and
ap the spacing between Aux lines. For screening currents

ji &j &j2=ji(~o/~»
the collective creep is dominated by hopping of Aux bun-
dles of size R ~ Qp & R ~ & X, where k is the London
penetration depth. In that case, the exponent a is —', . At
even lower screening currents j & j2, the condition R~ & k
is achieved and o;= —,'. The last exponent is close to the
exponent extracted from the experiments o; —1. 1 —1.2.
This result might suggest that the Aux dynamics in
PbMo6S8 at fields higher than H* is dominated by hop-
ping of large bundles of fiux lines (R i & A, ).

A qualitatively similar behavior, with three distinctly
different field regimes, has also been observed in relaxa-
tion measurements on single crystals of
Bi2 2Sr, 7CaCu208. ' In the low-field regime, the decay is
logarithmic and both the ZRC and TRM relaxation rates
increase as -H . The crossover-field regime is even
more explicit in the Bi2 2Sr, 7CaCuz08 superconductor;
with increasing observation time the relaxation rate in-
creases by as much as a factor of 5 and obtains pro-
nounced maxima when full Aux penetration in the crystal
is reached. In the high-field regime and in the same re-
duced temperature range as in the present measurements
( T/T, & 0.7), the time decay of the magnetization for the
high-T, superconductor is well described by the same ex-
pression as for the PbMo6S8 crystal, albeit with an ex-
ponent a less than 1 (a is of the order 0.3—0.4 at the
highest temperatures measured but increases to 0.6—0.7 at
T/T, =0.6). The magnitude of the decay for the
Bi2 2Sri 7CaCuzO8 crystals is, in this case, of the same size
as for the PbMo6S8 superconductor. At low tempera-
tures, T/T, & 0.5, and in the high-field regime, it is not
possible to fit an expression of the type

$M ~ [T ln( t /ro ) ]

to the observed decay of the ZFC and TRM magnetiza-
tion. Furthermore, the magnitude of the decay can be as
large as 70—80% of the absolute value of the magnetiza-
tion at the beginning of the measurement. These results
obtained for the anisotropic, extreme type-II supercon-
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ductor Bi2 2Sr, 7CaCu208 might indicate a more involved
H -T diagram for this superconductor with the possibility
of distinctly different thermodynamic vortex phases. '

CONCLUSIONS

In summary, we have shown that the time decay of the
ZFC and TRM magnetization of an isotropic extreme
type-II superconductor can be divided into three different
field regimes: a low-field regime with a closely logarith-
mic time decay of the magnetization, a crossover-field re-
gime with a change from logarithmic to nonlogarithmic
relaxation, and a high-field regime where the time depen-
dence of the decay is well described by

5M ~ [T in(tlro)]

Our results indicate that conventional fiux-creep models
are not sufficient to describe the observed behavior of the

decay. Instead, the theory of collective Aux creep, which
also includes the case when the screening current density
is much smaller than the critical current density, seems
to be applicable, as shown here. The consequences of
large thermal Auctuations and quenched disorder on the
metastability of the vortex lattice have also been studied
by Fisher. Their theory proposes the same nonloga-
rithmic decay law as observed in these experiments, and
suggests the existence of a vortex glass phase in the H-T
phase diagram.
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