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Abstract
The isothermal magnetization hysteresis loops were measured for Tl2Ba2CuO6

(Tl-2201) single crystals by using a SQUID magnetometer and a micro
Hall sensor. In the temperature window from 15 to 30 K, the Hall sensor
measurements for M(B) showed a second magnetization peak (SMP) at a peak
field, Bsp, and an onset field, Bon. In this temperature region, the second peak
appeared as a shoulder in the M(H ) plots when measured by using SQUID.
At a temperature of 20 K, time relaxation measurements for the time interval
of 1–104 s were carried out at different fields by using a Hall sensor. From
these relaxation data, for both flux exit and entry, the activation barrier, U0, and
the creep exponent, µ, were separately calculated as a function of local field,
Bz , by using the weak collective pinning theory. The variation of µ, and U0

as a function B indicates that below the onset of the second peak field, Bon,
the creep mechanism is an elastic process, but above it, a gradual transition
to plastic creep takes place. At higher fields, µ and U0 reduce sharply. This
has been interpreted as a smooth transition to a 2D collective pinning state.
These results are compared with that obtained in a double layer Tl compound,
Tl2Ba2CaCu2O8 (Tl-2212), as well as other high-Tc materials.

The appearance of the fishtail or second magnetization peak (SMP) in isothermal magnetization
curves at an intermediate field, Hsp, is a common feature and has been observed in most of
the high temperature superconductors (HTSCs) [1–5]. The understanding of the mechanism
leading to the origin of the SMP has been the subject of both theoretical and experimental
investigations. It is well established that the onset of the SMP at a field of Hon in some high-Tc

materials indicates a vortex phase transition from a weakly pinned vortex lattice to a strong
pinned disordered vortex phase [1, 6], and theoretically this phase transition is described by a
competition between the pinning and the elastic energies [7, 8]. However, several phenomena
related to the fishtail effect are still not clear. For example, as the temperature is lowered below
20 K, this feature disappears altogether and appears again in longer timescales [9].
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Long-time magnetic relaxation measurements on an isothermal magnetization curve were
found to be a useful tool to study the precise characteristics of vortex phases and phase
boundaries at different fields. Extensive studies on field dependent magnetic relaxation have
been carried out on YBa2Cu3O6+y (YBCO) [2, 3], pure Bi2Sr2CaCu2O8+y (BSCCO) [10–12],
Pb-doped BSCCO [4], and Tl2Ba2CaCu2O8 (Tl-2212) [5] single crystals by several groups. In
these reports, the creep phenomenon for fields below Hsp was well explained based on weak
collective pinning theory, and above it, the existence of dislocation-mediated plastic creep was
observed, and the crossover from elastic to plastic creep was shown to be the origin of the
second peak [2–4, 10, 11].

Among copper-based HTSCs, Tl-based compounds in single crystalline form were not
studied extensively because of the high toxicity and volatility of thallium oxides. Recently, we
have reported the magnetic properties measured on high-quality single crystals of a double layer
Tl compound (Tl-2212) by using both a SQUID magnetometer and a Hall sensor [13, 14] and the
results were found to be comparable with those observed in other high-Tc materials. However,
recently there is much interest in the normal and mixed state of the monolayer Tl compound
(Tl2Ba2CuO6 (Tl-2201)) [15, 16], because in this compound, the critical superconducting
transition temperature Tc can be varied from 90 K to ∼5 K by changing the oxygen doping.
Since it has a Tc close to Tl-2212 (Tc ∼ 105 K), it will be very interesting to compare the
vortex creep characteristics with that obtained in Tl-2212 [5]. There are few reports on the
SMP on Tl-2201 single crystals. In a report by Zuo et al [17] on Tl-2201 single crystal, it was
observed that a dimensional crossover from 3D to 2D is responsible for the peak effect. In
another report, Xu et al [18] found that the second peak field was independent of the oxygen
defect concentration. A local field profile measured by using a Hall probe array was reported
by Anders et al [19], where they observed that at the second peak field, the field gradient in
the bulk of the crystal is maximum and the field independent relaxation rate was suggested to
indicate the static origin of the second peak, which is contradictory to the observation made in
BSCCO [20]. In BSCCO, the dynamic origin of the second peak was reported as it disappears
on short timescales. Moreover, Bsp was observed to drift with time to lower fields [6, 5, 21].
Therefore, in this report, an extensive study on field dependent creep characteristics for a
wider field range was investigated through long-time relaxation measurements to understand
the origin of the second peak and the nature of the vortices in different field regions.

In this study, the isothermal magnetization curves of a high-quality Tl-2201 single
crystal were measured by using a superconducting quantum interference device (SQUID)
magnetometer and a micro Hall sensor. The SQUID measurements, carried out on an optimally
doped sample (Tc = 88 K), showed a shoulder-like shape in the M(H ) plots obtained in the
temperature range 15–30 K. A pronounced SMP was observed in the same temperature region
when measurements were carried out using a micro Hall sensor. As the integration time for
a commercial SQUID is larger than several tens of seconds, we have used a Hall sensor for
studying the time dependent relaxation in a wide field region at a temperature 20 K. Using
these relaxation data, the creep characteristics for Tl-2201 single crystals were evaluated. The
results are also compared with the data measured on overdoped Tl-2201 single crystals.

Single crystals of Tl2Ba2CuO6+δ were grown by the self-flux method, following a two-step
procedure. In the first step, a 10 g polycrystalline pellet of Tl-2201 was made via solid state
reaction from high-purity (99%) powders of Tl2O3, BaO, and CuO by calcining at 850 ◦C for
15 min in a preheated vertical furnace. In the second step, this pellet was reground and mixed
with additional 10% CuO and 15% Tl2O3 by weight. Excess Tl2O3 was added to compensate
for loss during the crystal growth, while the additional CuO acts as a flux. The mixture in the
form of pellet was packed into a 30 ml conically shaped crucible and then it was sealed tightly
by a another cylindrically shaped crucible. The whole arrangement was put into a preheated
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Figure 1. (a) X-ray diffraction pattern of a Tl-2201 single crystal measured by using a 4-circle
goniometer. (b) Optical microscope image of a Tl-2201 single crystal.

(This figure is in colour only in the electronic version)

vertical furnace at 930 ◦C. After 30 min it was cooled to 870 ◦C in 10–15 h, then allowed to
cool freely to room temperature. The crystal growth was performed in air. Thin platelet-type
crystals having areas up to ∼1 mm2 and very shiny surfaces were extracted mechanically
from the solidified flux after crashing the crucible. In this two-step method, crystals of better
surface quality as well as bigger size were obtained in comparison to the one-step method [22],
particularly when a small amount of charge (<10 g) was used for growth.

To investigate the structural quality, x-ray diffraction (XRD) patterns was taken by using
a 4-circle goniometer equipped with a primary monochromator (Cu Kα). The x-ray study
showed very sharp reflections of 00l peaks with c ∼ 23.2 Å that are characteristic of the 2201
structure as shown in figure 1(a) [16]. The crystals observed by using a polarizing optical
microscope had very flat and shiny surfaces, as shown for a typical crystal in figure 1(b).

A crystal with dimensions 600 × 300 × 30 µm3 was chosen to perform the extensive
magnetization measurements. As shown in the inset of figure 2, the M(T ) measurement at
a field of 10 G shows a very sharp transition at Tc = 88.0 K with �Tc ∼ 2 K. Initially,
magnetic hysteresis loops, M(H ), at different temperatures (5–80 K) were measured by using
a SQUID magnetometer with external magnetic field applied parallel to the c-axis. Figure 2
shows typical results obtained in the temperature range of 20–80 K. The M(H ) loops were
recorded with increasing and decreasing fields (in steps) with the most rapid way possible in
our technique. After measurements of the hysteresis loop at one temperature, the sample was
heated to T > Tc and cooled down to the next set temperature in zero field. The M(H ) loops
did not show a pronounced second peak feature as observed in Tl-2212 single crystals [14], but
at low temperatures (T < 30 K), they appear to have a shoulder-like shape. As discussed later,
measurements using a Hall sensor show that this signature indicates the second anomalous
magnetization peak in the M(H ) loop. A clear peak in the SQUID measurements is not
obtained, as these measurements are averages over regions of different local inductions across
the sample, and because of the sample’s shape,square or rectangular blocks,edge effects cannot
be neglected. For that reason, detailed hysteresis and magnetic relaxation measurements were
performed on the same sample by using a Hall sensor.

For the local magnetization measurements, an InSb Hall sensor with an active area of
100 × 100 µm2 and a resolution of 0.46 µV G−1 was attached at the centre of the crystal.
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Figure 2. Field dependent magnetization, M(H ), measured using a SQUID magnetometer at
different temperatures. The inset at the right upper corner shows M(H ) measured at temperatures
20 and 25 K. The inset at the lower right corner shows the M(T ) curve measured at a field of 10 G.

Measurements were performed by using a Maglab2000 (Oxford) system with magnetic
fields up to 7 T applied parallel to the crystal c-axis by using a superconducting magnet.
During measurements, the temperature was controlled with an accuracy of 5 mK. The local
magnetization was defined as the difference between the z-component of the magnetic field
measured by using the Hall sensor, Bz and the applied field, Ha. The local M(B) loops
measured for temperatures between 5 and 40 K are shown in figure 3. All the loops were
measured with a ramp rate 10 G s−1 and at t = 10 s after ramping the field to the set value.
In the temperature range 15–30 K, a second magnetization peak at a field of Bsp was observed
in the M(H ) loop. As a pronounced second peak was observed at T = 20 K, we have also
performed relaxation measurements at this temperature for different magnetic fields. During
each set of relaxation measurement, the sample was first cooled down from 110 K (above Tc)
to 20 K in zero field. For the ascending branch, after ramping the field with a constant sweep
rate 10 G s−1 to the set field (above the full penetration field, Bp ∼ 950 G), the magnetization
data were recorded from 1 to 10 000 s. For the descending branch, the field was ramped to
a field higher than 3 T and then set to the target field with the same sweep rate as mentioned
above. For fields below Bp, the relaxation data corresponding to the ascending branch were
measured at third quarter when the field was reversed in direction.

Figure 4 presents the relaxation data measured using a Hall sensor at T = 20 K, along
with the M(B) hysteresis loop measured at this temperature. For the relaxation measurement,
the local field, Bz , was recorded as a function of time for fixed external field, Ha and
M(t) = Bz(t) − Ha was calculated. As the local field reduces with time, the value of B
obtained from the M(B) loop corresponding to that value of Ha was used to cite the relaxation
data. From this figure it is seen that the envelope of the relaxation data measured at short times
follows the M(B) curve with a clearly defined second peak, but at longer times it changes to a
shoulder-like shape. For analysis of the relaxation of the irreversible magnetization we need
to subtract the reversible magnetization, Mrev, from the measured M(t). Therefore, Mrev as
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Figure 3. Field dependent magnetization, M(B), measured using a Hall sensor at temperatures 15,
17.5, 20, 22.5, 25, 30, 35, and 40 K respectively. The inset shows M(B) measured at T = 5 K.

Figure 4. Field dependent local magnetization and magnetic relaxation measured using a Hall
sensor at a temperature of T = 20 K. Here M(B) measurements were performed at t = 10 s after
ramping the field to the target field. In the relaxation measurements, the first data correspond to
t = 1 s. The onset of the second magnetization, Bon, and second magnetization peak field, Bsp are
shown by arrow head lines. The inset at the upper right corner shows the variation in the irreversible
component of the local magnetization with time for flux exit. The inset at the lower right corner
shows the variation of 1/S versus ln(t). The slope at longer times gives the creep exponent µ.
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a function of Bz was calculated from the M(B) hysteresis loop measured at 20 K. Using
the nonrelaxing Mrev corresponding to the local field, Bz , the irreversible magnetization
Mirr(t) = M±(t) ∓ Mrev was calculated for both flux entry and exit. Here, M+(t) and
M−(t) are the measured local magnetization for flux entry and exit respectively. A typical
behaviour of relaxation of irreversible magnetization determined for Ha = 600 G and local
field Bz ∼ 1065 G is shown in the inset at the upper right corner of figure 4. A non-logarithmic
behaviour for the local irreversible magnetization with respect to time t is seen. Therefore, the
Anderson–Kim model [23] cannot be applied to analyse this data.

We interpret these relaxation data using predictions of the weak collective pinning theory,
where the activation energy U( j) and Mirr(t) (∝ j ) for j � jc are given by [24–26]

U( j) = U0(B)

(
jc
j

)µ

, (1)

Mirr(t) = Mirr(0)

[
kBT

U0
ln(t/t0)

]−1/µ

. (2)

Here U0(B) is the collective pinning barrier, jc is the critical current density, and t0 is
some attempt time for hopping of the vortex bundle. The exponent µ helps to identify various
collective creep regions and depends on the applied magnetic fields and current. For a three-
dimensional vortex system, µ = 1/7 corresponds to the single vortex creep region expected
at low fields and high currents, µ = 3/2 to the small bundle creep region at intermediate
currents and fields, µ = 1 to the intermediate bundle region, and µ = 7/9 to the large vortex
bundle creep region expected at low currents and high fields. Using equations (1) and (2), the
normalized creep rate may be written as S = |d ln Mirr/d ln t| = 1/µ ln(t/t0). The slope of
1/S versus ln(t) is expected to yield the value of the exponent µ. However, as shown in the
inset of figure 4 (lower right corner), there is a change in slope at the initial stage (t < 400 s)
of the relaxation. This clearly indicates that equation (2) cannot be fitted to the experimental
observed data for the whole time window by using a single µ value. Deviations for t < 400 s
may arise due to transient effects after changing the field. Therefore, we have used the data
for the time window of 400–10 000 s for determination of both U0 and µ as a function of Bz

for both flux exit and entry. Here, the value of t0 was fixed to 10−3 s as reported for BSCCO
single crystals [27].

The variation of µ with Bz is shown in figure 5(a) for both flux exit and entry. For a
comparison, the M(B) hysteresis loop for flux exit is also shown by using a solid line in this
figure. It is seen that µ falls very sharply from a value of ∼1.7 at low fields to 1 at local field
Bz ∼ Bp; however, a large difference in magnitude of µ between flux exit and flux entry was
observed. With further increasing fields, µ increases, has a peak at a field B∗

z ∼ Bon, and
then drops sharply to lower values. A comparison of the magnitude of µ with weak collective
pinning theory indicates the existence of a small bundle region for fields below Bz < ∼Bsp.
Even close to the SMP region, the change in magnitude of µ is very small and does not signify
any crossover in the creep mechanism. However, above Bsp, µ drops sharply with increasing
fields and reaches 0.4 for fields close to 1.1 T. Within the 3D collective pinning theory, this
low value of µ indicates a transition towards to single vortex pinning (µ = 1/7), which is
not expected for high fields. Therefore, the results at high fields are in disagreement with
3D collective pinning theory, indicating another creep mechanism. This will be discussed
later. In earlier studies, carried out in YBCO [2, 28] and LSCO [29] single crystals, for fields
greater than full penetration field, Bp, µ increases from 1 to 2 for B < Bsp and then decreases
continuously towards zero at higher fields. Sometimes negative µ values have been observed
at high fields. In our earlier report on Tl-2212 single crystals [5] as well as Pb-doped single
crystals [4], µwas found to increase with field for fields less than B∗ (lying between Bon and Bsp)
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Figure 5. (a) The variation of creep exponent µ(B) along with the M(B) hysteresis loop for flux
exit at T = 20 K is shown. (b) This presents the variation of U0(B) at this temperature.

and then to reduce with further increasing fields. So, a comparison with some of these
reports [2, 5, 28] suggests that the creep mechanism is controlled by an elastic creep process for
fields less than Bsp, and above it, the sharp decrease in µ suggests another creep mechanism.
We will now discuss the field dependence of U0 to further understand the creep mechanism.

The variation of U0 with Bz is shown in figure 5(b) in the lower panel. As with µ, a
large difference between flux exit and entry was observed for fields less than ∼Bp, and U0(B)

changes in non-monotonic fashion. This large difference is attributed due to the complicated
field profile below the full penetration field, Bp [30]. In this region, the critical state model can
introduce a error in calculating the true value of jc, which causes large errors in calculating the
correct magnitude of the physical quantities as well as the field dependences of them. A sharp
increase of U0(B) was observed between Bon and ∼Bsp. Above Bsp, U0 falls very sharply, but
does not obey any power-law behaviour as reported in other high-Tc materials [2, 4, 28].

In the intermediate region, i.e., Bp < Bz < Bsp, the behaviour is somehow complicated.
For fields from Bp to Bon, µ increases, whereas U0(B) decreases. This decrease of U0 for
fields less than Bon could be compared with that observed in LSCO [29] and Pd-doped
BSCCO [4] single crystals. According to weak collective pinning theory, the activation
energy increases with increasing bundle size. As in this region, an increment of µ suggests a
decreases in bundle size, which results in a decrease of the activation energy. However, above
Bon (Bon < Bz < Bsp), a sharp increase of the activation energy was observed. This can be
understood in the following way. The onset of the magnetization, Bon, is believed to result
from a competition between the elastic and the pinning energies. Therefore at B � Bon, it
is possible for the elastic energy to become comparable to the pinning energy and for vortex



6734 P Chowdhury et al

0 20 40 60 80
T (K)

10
-2

10
-1

10
0

10
1

B
 (

T
)

M(T) measurements
M(H) measurements

H
irr

B
sp

Figure 6. The variation of Hirr obtained from M(T ) and M(H ) measurements with temperature
is shown. The second peak field, Bsp, as a function of T is also shown in this figure.

interaction with pinning centres to result in an entangled solid, because entangled vortices
adapt more efficiently to the pinning landscape induced by point disorder. Due to such long
wavelength entanglement or twisting of vortex lattices, pinning efficiency is enhanced, which
results in a sharp increase in the activation energy. With further increasing fields, say above
Bsp, more and more dislocations proliferate, vortex crossing angles will become large, and
pinning efficiency decreases.

Above Bsp, U0(B) was observed to follow a negative power-law behaviour in some of
the earlier studies. The value of the power exponent ν, obtained so far for fields B > Bsp,
lies between ∼−0.5 and −0.7 for YBCO [2], pure BSCCO [10], Pb-doped BSCCO [4], Tl-
1212 [11], and HgBa2CuO4+δ (HBCO) [31]. In all of the above studies, the negative power law
was explained by a dislocation-mediated plastic creep based on the proliferation of dislocations
in the entangled vortex structures,as proposed by Abulafia et al [2]. For such a plastic creep, the
zero current activation energy Upl can be written as [32] Upl = εεa0, where a0 = (�0/B)1/2 is
the lattice constant, ε0 = �2

0/4πµ0λ
2
ab(T ), and ε is the anisotropy parameter. For a constant

temperature, this equation leads to Upl ∝ Bν , with ν = −1/2. This negative exponent
indicates, for a plastic creep mechanism, that U0(B) decreases with field. However, in our
case, though U0(B) decreases with the field, no power-law behaviour was seen. The decrease
in U0(B) can be understood using data on irreversible field discussed below.

The variation of irreversible field, Hirr, as a function of temperature obtained from both
M(H ) and M(T ) measurements is shown in figure 6. The variation of the second peak
field, Bsp, with temperature is also shown in this figure. It was observed that the SMP
disappears for temperatures above T ∼ 35 K, which can be correlated with the crossover
temperature, Tcr ∼ 35 K, of the irreversibility line, Hirr(T ). For T > Tcr, the vortex
displacement is dominated by thermal fluctuations and is consistent with the Lindemann
melting criterion. Therefore, Hirr can be interpreted as the melting line of the vortex lattice given
by Hm = A(1 − T/Tc)

m with m = 3/2. In our case, we find m = 1.46 very close to m = 3/2,
and the fit is shown by a solid line in figure 6. For T < Tcr, Hirr(T ) follows an exponential
behaviour as Hirr = Hirr(0) exp(−2T/T0) with Hirr(0) = 41.3 T, an indication of thermally
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semilogarithmic plot.

activated pancake vortices on surface barriers as proposed by Burlachkov et al [33]. The
presence of the pancake vortices near the irreversibility line might indicate that vortices above
Bsp, with increasing fields, gradually evolve to a decoupled regime of ‘superentangled’ pancake
vortices. According to 2D collective pinning theory, the values of µ are 7/4, 13/16, and 1/2
for small bundle, medium bundle, and large bundle vortices, respectively. Our experimental
value of µ ∼ 0.4 at higher fields might indicate the existence of the 2D collective creep (large
bundle) region.

For a comparison, both the magnetization and the relaxation measurements using a
SQUID magnetometer on a Tl-2201 overdoped crystal were carried out. The critical transition
temperature, Tc, was 16.5 K with �Tc ∼ 2 K. Measurements of isothermal M(H ) hysteresis
loops carried out on this sample are shown in figure 7. No signature of the second magnetization
peak was observed in the temperature range 2–12 K. Moreover, in this temperature range, the
irreversibility line shows an exponential behaviour, as shown at the upper panel of this figure.
Extensive measurements of field dependent (400–6000 G) relaxation were also carried out on
this sample at T = 4 K. For all the applied fields, the magnetization data as a function of
time were found to follow a logarithmic behaviour. The typical behaviour of M(t) for a field
of 800 G is shown at the lower panel of figure 7. In this figure, the linear variation of M
with ln(t) implies the applicability of the Anderson–Kim [23] formula. These analyses yield
a monotonic decrease of the activation energy U0 as a function of field (not shown here) and
do not indicate any 3D to 2D crossover as observed in the optimally doped sample.

In conclusion, we have investigated the flux creep mechanism for a wide field range at
20 K in high-quality Tl-2201 single crystals. It was shown that the relaxation data were fitted
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well with equation (2), predicted by weak collective pinning theory. At very low field range
(<Hp), a large discrepancy within a physical quantity between flux exit and flux entry was
observed. In the field range between Bon and Bsp the elastic creep controls the flux dynamics,
but above Bsp, as indicated by the irreversibility field, Hirr, a smooth crossover to 2D pancake
vortices takes place.
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