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Second magnetization peak (SMP) in hole-doped cuprates and iron pnictide superconductors has been widely
explored. However, similar feature in the family of electron-doped cuprates is not common. Here, we report the
vortex dynamics study in the single crystal of an electron-doped cuprate Pr0.87LaCe0.13CuO4 superconductor
using dc magnetization measurements. A second magnetization peak feature in the isothermal M(H ) was
observed for H ‖ ab planes. On the other hand, no such feature was observed for the H ‖ c axis in the crystal.
Using magnetic relaxation data, a detailed analysis of activation pinning energy via collective creep theory
suggests an elastic to plastic creep crossover across the SMP. Moreover, for the H ‖ ab, a peak in the temperature
dependence of critical current density is also observed near 7 K, which is likely be related to a dimensional
crossover [three-dimensional–two dimensional (3D-2D)] associated with the emergence of Josephson vortices at
low temperatures. The anisotropy parameter obtained γ ≈ 8–11 indicates the 3D nature of vortex lattice mainly
for the H ‖ c axis. The H -T phase diagrams for H ‖ c and H ‖ ab are presented.

DOI: 10.1103/PhysRevB.102.064509

I. INTRODUCTION

Understanding the vortex dynamics in high-Tc cuprates
has been a matter of great interest because of its relevance
for technological applications, such as powerful supercon-
ducting electromagnets used for fusion reactors and particle
accelerators [1]. However, in comparison to its hole doped
counterpart the vortex dynamics in electron doped cuprates
has not been widely explored. An experimental feature in
the isothermal M(H ), known as “second magnetization peak”
(SMP) or “peak effect” has been largely studied to probe its
fundamental origin in the hole-doped cuprates [2–4] and iron
pnictides [5–8] as well as in conventional low-Tc supercon-
ductors [9,10], but such a feature is atypical in electron doped
cuprates.

Furthermore, most of the studies of the SMP in high-Tc

superconductors were conducted for the H ‖ c axis of the
crystal as for instance in optimally doped YBaCuO [11]
and in Bi2212 [12]. Also, the SMP has been observed for
both the H ‖ c axis H ‖ ab planes directions in Y-Ho-Ba-
Cu-O cuprate [13], but to the best of our knowledge a SMP
exclusively for H ‖ ab-planes has not been reported in the
literature. However, in the year 2007, an anomalous peak was
observed in the ac-susceptibility measurements of an electron-
doped Pr0.88LaCe0.12CuO4 single crystal for H ‖ ab-planes
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[14], and associated with a SMP in the case of isothermal
M(H ) measurements. However, the discovery and the in-
creased focus in the iron-pnictides superconductors around
the same time [15] perhaps made the community lose interest
in the Pr1−xLaCexCuO (PLCCO) system. Yet some additional
studies were made over the years [16–28], addressing the
effect of electron doped induced superconductivity, disap-
pearance of the antiferromagnetic phase with the emergence
of superconductivity, Cu spin correlations, annealing, and
the symmetry of the order parameter, all compared to the
well know case of the hole-doped cuprates. Moreover, a
rather complicated crystal growth process in electron-doped
cuprates as compared to its hole-doped counterpart, and a
challenging postgrowth annealing treatment, are among the
reasons behind the less intense research in electron doped
cuprates. In contrast to the hole-doped cuprates, as-grown
crystals with electron doping do not show superconductivity
and require annealing in oxygen-poor environment to exhibit
superconductivity through removal of small amounts of oxy-
gen [29]. It should be mentioned that in hole-doped cuprates,
such as YBa2Cu3Ox, the oxygen content plays a major role in
the superconducting properties, where a change in the oxygen
content x from 6.3 to 6.9 yield changes in the superconducting
transition temperature from ∼ 18 K to 92 K with an increase
in anisotropy as x decreases [30,31].

As the present literature in the PLCCO system lacks studies
of vortex dynamics (related to the origin of SMP) and the
vortex phase diagram, we address this issue by performing
a detailed study of the temperature (T ), magnetic field (H)
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and the time dependence of the magnetization (magnetic
relaxation) in a Pr0.87LaCe0.13CuO4 single crystal. A SMP
for the H ‖ ab plane is observed and explained in-terms of
an elastic to plastic creep crossover via magnetic relaxation
measurements. This may be understood by considering the
elasticity of the vortex lattice to pin the vortex at lower free
energy sites (disorder sites) by deforming it at the expense of
increasing elastic energy of the vortex lattice. The minimum
of the sum of the two energies (pinning energy and elastic
energy) forms an equilibrium vortex lattice configuration. At
higher magnetic fields pinning gets stronger when the pinning
energy at disordered sites overcomes the elastic energy of the
vortex lattice and consequently yield a SMP in the isothermal
magnetization M(H ). Below the SMP in the elastic creep
regime the activation energy for the vortex creep increases
with increasing magnetic field. On the other hand, above the
SMP, when vortex creep is influenced by a plastic deformation
of the vortex lattice (plastic creep, where large pieces of the
vortex lattice slide [2]) the activation energy for the vortex
creep decreases with increasing magnetic field. Moreover, the
pinning behavior is explored through the temperature depen-
dence of the critical current density where a crossover from
three-dimensional (3D) Abrikosov to a 2D Josephson vortices
is observed at ∼ 7 K. Detailed vortex phase diagrams are also
constructed for the H ‖ c-axis and H ‖ ab-plane directions.

II. EXPERIMENTAL DETAILS

High-quality single crystals of PLCCO (x = 0.13) were
grown by the traveling-solvent floating zone method using a
mirror furnace (Cyberstar, France) [20,29]. The crystals have
a tetragonal unit cell (space group I4/mmm) with the lattice
parameters a = b = 3.981 Å, c = 12.27 Å, which consists
of two formula units. In the present study, we used a single
crystal of mass ∼ 2.92 mg and the dimensions ∼ 1.3 × 1.0 ×
0.2 mm3. Magnetization measurements were performed for
the H ‖ c-axis and H ‖ ab-planes using a vibrating sample
magnetometer manufactured by the Quantum Design, with a
quartz rod used for sample mounting. Data for temperature
and magnetic field dependence of magnetization, M(T ) and
M(H ) respectively, were collected in zero-field-cooled (ZFC)
and field-cooled (FC) states. In the ZFC state, the sample
was cooled from above Tc in zero applied magnetic field to
the desired temperature below Tc and the data was collected
during warming, followed by collection of data during cool-
ing in the FC state. For H ‖ ab-planes magnetic relaxation,
M(t ime), curves were also obtained for a span time of 100 min
to explore the behavior of the SMP in the sample.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show M(T ) curves for the H ‖ c-axis
and H ‖ ab-planes, respectively, for an applied magnetic field
H = 0.5 mT. A significant drop in M(T ) has been observed
at ∼ 23 K (see the dashed line) for both crystal directions,
which is defined as the onset of the superconducting transition
temperature, Tc of the sample. Similar compounds with a Ce
content of 0.13 [28] and 0.12 [14,32], have reported transition
temperatures in the range 22–24 K, in good agreement with
the present work.

FIG. 1. Temperature dependence of magnetization measured at
H = 0.5 mT for (a) H ‖ c axis. (b) H ‖ ab planes. The splitting
between the ZFC and FC curves occurs just below Tc ∼ 23 K
evidencing the strong vortex pinning in the sample.

Figures 2(a) and 2(b) show selected isothermal M(H )
hysteresis curves for the H ‖ c-axis and H ‖ ab-planes, re-
spectively. A SMP feature is observed for H ‖ ab-planes in
the initial branch of M(H ) curves measured for T � 15 K.
Figure 2(c) exhibits the observed SMP for T = 13 K and
the associated peak field (Hp) and the onset field (Hon). It is
to note that the observed Hon values are more than an order
of magnitude smaller than the Hp values which obscure its
appearance in the isothermal M(H ) curves shown in Fig. 2(b).
Interestingly, we also observed that the clear SMP feature
occurs only in the initial branch of the M(H ) curves (1st
quadrant) and no such feature was found in other magnetic
field branches. Nevertheless, it is possible to see, mainly for
the M(H ) curves below 9 K that the decreasing field branch
(2nd quadrant) shows a downward curvature for high fields,
which is followed by an upward curvature at intermediate
fields and again becoming downward as H approaches zero.
Moreover, such curvature changes were also noticed in the
following quadrants and seems to be reminiscent of the SMP
observed in the 1st quadrant of M(H ) curves. We observed
that Hp increases as temperature decreases, while the same
effect with temperature is not followed by the onset field
Hon. Moreover, signatures of flux jumps are observed in
the isothermal M(H ) measured at 2 K for both magnetic
field directions. Such magnetic instabilities or flux jumps in
isothermal M(H ) usually occur at low temperatures where
most of the materials have poor thermal conduction (or low
heat capacity). Therefore, during flux flow, when the flux lines
are forced to move against the large or irregular pinning force,
the energy dissipation may locally increase the temperature
of the sample. The increased temperature reduce the Jc, which
requires the intake of more flux inside the sample to restore the
critical state and may produce an avalanche of flux jumps [33].
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FIG. 2. Isothermal magnetic field dependence of magnetization, M(H ), for selected temperatures (a) H ‖ c axis, (b) H ‖ ab planes. (c)
Clear signature of SMP in M(H ) measured at T = 13 K for H ‖ ab planes, (d) and (e) show initial M(H ) curves at T = 2 K for both field
directions, evidencing the Meissner region. The inset in (c) shows the enlarged view of the region near Hon.

Such magnetic instabilities have been observed in various
low-Tc [34,35] as well as in high-Tc [36,37] superconductors.
Figures 2(d) and 2(e) show the initial branch of M(H ) curves
at T = 2 K for both field directions, allowing us to estimate
the values of the lower critical field, Hc1(2K) ≈ 23 mT for
the H ‖ c-axis and Hc1(2K) ≈ 2.4 mT for H ‖ ab-planes. It
should be mentioned that with the exception of Figs. 2(d) and
2(e), all analysis performed in this work were conducted by
using magnetic fields well above the Meissner region.

The existence of a SMP in M(H ) curves with H ‖ ab-
planes and not for the H ‖ c-axis is unique, and to the best of
our knowledge has not been observed in any other material. To
study this effect in more detail we have obtained several mag-
netic relaxation curves at different temperatures and magnetic
fields for H ‖ ab-planes. The H values for magnetic relaxation
measurements were selected below and above the SMP in
order to explore the behavior across SMP. All M(t ime) curves
showed a linear logarithmic time dependence allowing us to
obtain the relaxation rate R = −dln|M|/dln(t ime). The main
panel in Fig. 3 shows the resulting R vs H and the R vs T de-
pendence is depicted in the inset. The relaxation rate increases
monotonically with the magnetic field and temperature and no
apparent change in R is observed which could be associated
to the SMP in M(H ) curves for H ‖ ab-planes. Therefore, we
used the Maley’s approach [38] in order to perform an analysis
of the pinning activation energy behavior in M(H ) curves for
magnetic fields across the peak field Hp.

Maley’s approach establishes that the activation energy
U (M ) = −T ln[dM(t ime)/d(t ime)] + CT , where M(t ime) is

0

0.1

0.2

0.3

0 1 2 3 4

15 K
13 K
11 K
9 K
7 K
5 K
3 K

R
 =

 -d
ln

(|M
|)/

dl
n(

tim
e)

H (T)

0

4

8

12

4 8 12 16

0.5 T
0.7 T

10
-2

 R

T(K)

FIG. 3. The relaxation rate R = −dln|M|/dln(t ime) plotted
against H as obtained for fields below and above the SMP for
different isothermal M(H ). The inset shows R plotted as a function
of temperature as obtained for H = 0.5 and 0.7 T.
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curves exhibiting a smooth behavior. Dashed lines are only a guide
to the eyes.

the magnetic relaxation curve and C is an intrinsic constant
[38], is a smooth function of M-Meq for a given magnetic field,
where Meq is the equilibrium magnetization. In this approach
the smooth curve of an isofield U (M) curve can be obtained
by adjusting the value of the constant C. It was shown later
[39] that not always a single value of C allows us to obtain a
smooth curve of U (M). This may require the scaling of U (M)
by a function that express how the coherence length correlates
with temperature. Following this approach we used the scaling
function g(T ) = (T -Tc)3/2 as in Ref. [39]. Figure 4 shows
the scaled U (M ) vs M smooth curves obtained at different
temperatures for H = 0.7 and 0.5 T with C = 12. This value
of C allows us to calculate and study the isofield activation
energy curves from magnetic relaxation data obtained for
fields below and above the SMP in M(H ) curves.

Figure 5(a) shows U (M) obtained for T = 9 K with C =
12, where it is possible to see a change in the behavior of
U (M ) for fields across Hp. We mention that the behavior of
U (M) with M shown in Fig. 5(a) perfectly matches with the
behavior of U (M) observed in the SMP of YBaCuO [2] and
suggests that the SMP might be associated with an elastic to
plastic creep crossover. Such creep crossover across Hp may
be clearly observed by invoking a theory of collective flux
creep [40]. In this theory, the activation energy is defined as,
U (B, J ) = BνJ−μ ≈ H νM−μ, where the exponents ν and
μ depend on the specific flux-creep. The U (M) curves in
Fig. 5(a) were scaled with Hν and the resulting smooth Uscal

curves of U (M )/H0.5 and U (M )/H−0.9 are shown in Fig. 5(b)
for fields below and above Hp, respectively. The observed
scaling behavior across Hp demonstrates the elastic to plastic
creep crossover as the origin of the SMP for H ‖ ab-planes.
One should note that there are two x axis in Fig. 5(b). Similar
exponents of H for both elastic and plastic pinning have been
observed in different studies on iron-pnictide superconductors
[41–43]. As there is no SMP for the H ‖ c-axis the major pin-
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FIG. 5. (a) Activation energy U (M ) plotted against M. Values of
U (M ) were obtained for fields below and above the SMP appearing
in the M(H ) at 9 K. (b) The scaled activation energy Uscal is plotted
against M, as obtained from fields below (empty squares) and above
(empty circles) Hp. The x axis of each smooth curve is shown
by arrows. The inset shows details of the SMP occurring in the
increasing field branch of the respective M(H ) curve.

ning contribution for producing the SMP for H ‖ ab-planes
is the pinning associated with the vortices between adjacent
layers of Cu-O planes, which is known as intrinsic pinning
[44].

Figures 6(a) and 6(b) show the magnetic field dependence
of the critical current density, Jc(H), at different tempera-
tures for the H ‖ c-axis and H ‖ ab-planes, respectively. Jc

was obtained from the isothermal M(H ) curves using the
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FIG. 6. Magnetic field dependence of critical current density at some selected temperatures (a) for the H ‖ c axis, (b) for H ‖ ab planes.
(c) Normalized critical current density, Jc(T )/Jc(0), as a function of reduced temperature, t = T/Tc. Solid lines represent the behavior of δTc

and δl pinning models [47] discussed in the text. (d) Temperature dependence of critical current density for H ‖ ab planes.

Bean’s model [45] expression, Jc = �M/[a1(1 − a1/3a2)]
[41], where 2a2 > 2a1, are the crystal dimensions of the
plane perpendicular to H , and �M(A/m) is the difference be-
tween the magnetic field decreasing and increasing branches
of the M(H ) curve. The critical current density at all temper-
atures in the zero-field limit, Jc(0), for the H ‖ c-axis exceeds
by about an order of magnitude when compared to Jc(0) for
H ‖ ab-planes, which is expected due to the strong pinning in
the Abrikosov vortex-lattice along c axis than in the intrinsic
pinning (possibly of Josephson vortices at low temperatures)
in the ab-planes. The clear signature of SMP appears only in
the initial branch of the isothermal M(H ) curves and exhibits
a change of slope in the following respective M(H ) branches
(as also discussed earlier in text). Therefore, the usual peak
feature in the Jc(H ) curves at Hp [42] was not observed,
instead a peak very close to H = 0 is present in Jc(H ) for
T < 7 K. Moreover, the Jc(H) curves for the H ‖ c-axis
show the usual behavior, where Jc reduces as we increase
T . On the other hand, Jc(H) in the low field side for H ‖
ab-planes at T = 5 K, 7 K is greater than its value at 3 K.
This behavior is not usual and may indicate some change in
pinning or vortex-lattice dimensional crossover across these
temperatures in ab-planes. However, it clearly suggests that
the pinning in the two crystallographic directions is quite
different in nature.

Therefore, it would be interesting to explore the tem-
perature dependence of the critical current density in both
crystal directions. A plot of the normalized critical current
density, Jc(T )/Jc(0) as a function of reduced temperature t

(=T/Tc) allows us to compare whether the dominant pinning
in the sample is due to the variation in the charge carrier
mean free path, called δL pinning (commonly observed in
pnictides [43,46]), where the respective expression is given by
Jc(T )/Jc(0) = (1 + t2)−1/2(1 − t2)5/2, or due to the variation
of the superconducting transition temperature Tc, called δTc

pinning, with Jc(T )/Jc(0) = (1 − t2)7/6(1 − t2)5/6 [47]. In
Fig. 6(c) it is observed that the Jc(T )/Jc(0) data obtained for
H=0 is not consistent with the model developed by Griessen
et al. for conventional pinning mechanisms [47]. A rigorous
analysis based on the model developed in Ref. [48] is required
to better explain the dominant pinning mechanism in the
sample. For H ‖ ab-planes, a peak in Jc vs T is observed,
which is shown for H = 0 and 1 T in Fig. 6(d). It suggests
an abrupt change in the type of pinning or a change in the
vortex-lattice occurs as temperature drops below 7 K. Since
no marked changes were observed in the magnetic relaxation
curves shown in Fig. 3, it is unlikely that a change in the
type of pinning occurs below 7 K. Most likely the drop in
Jc(T ) is related to a dimensional crossover (3D-2D) where 3D
cylindrical vortices change to 2D Josephson vortices below
7 K. This is possible since the coherence length decreases
with temperature with the subsequent emergence of Josephson
vortices in a very anisotropic lattice [49]. The transition of
an Abrikosov vortex lattice to a very anisotropic Josephson
vortex lattice [49] is expected to be followed by a change in
the magnetic flux inside the sample. Also, Josephson vortices
are more weakly pinned than Abrikosov vortices [50]. This
can be realized as Abrikosov vortices have two length scales,
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the London penetration depth λ and the core, which is the
size of the coherence length, where the superconducting order
parameter vanishes [50]. On the other hand, Josephson vor-
tices do not have a normal core [50], and are characterized
by a single length scale given by λJ = (cφ0/16π2λ js)1/2

where φ0 is the quantum flux, c is the light velocity, λ is
the London penetration depth and js is the Josephson critical
curent density, where js is much smaller than both the critical
current density Jc and the depairing current density jd [51].
Usually λJ is much larger than λ, and Josephson vortices
are more weakly pinned than Abrikosov vortices [51]. The
existence of such a dimensional crossover is well known to
occur in layered high-Tc superconductors [52]. A similar peak
in Jc vs T for H ‖ ab has also been observed in the pnictide
superconductor SmFeAs(O,F) with Tc ∼ 48–50 K and γ ∼
4–6 [53]. It was argued that such peak is a consequence of a
transition from well-pinned, slow moving Abrikosov vortices
at high temperatures to weakly pinned, fast moving Josephson
vortices at low temperatures [53]. In addition, recently in
Ref. [54], the authors also observed a similar peak at interme-
diate temperature in Jc vs T in YBa2Cu4O8 crystals, however
for H tilted away from the ab plane and the same peak is ab-
sent when H is aligned along c or b axis of the crystal lattice.
Such peak in Jc vs T in YBa2Cu4O8 crystal was explained in
terms of thermally activated vortex-lattice instability, which
splits the lattice and leads to vortex segments aligned along c
axis [54]. It is worth noticing that in the present magnetization
measurements H is applied along the ab plane (i.e., close
to zero tilt angle between H and ab plane). However, we
do not completely discard the possibility of a small mis-
alignment (< 1◦) in our measurements. Unfortunately, we
do not have a built-in facility to control angle misalignment
to confirm this argument. Regarding the sample quality, the
surface attached to the sample holder was microscopically
smooth with no indication of faulting planes within the micro-
scopic resolution. Despite being not related to our results, we
mention that a continuous vortex lattice transformation was
observed in FeSe for magnetic fields going from 1 to 6 T for
H ‖ ab [55].

Figures 7(a) and 7(b) show isofield M(T ) curves obtained
for H ‖ c-axis and H ‖ ab-planes, respectively. The well-
resolved split between the ZFC and FC curves in each M(T )
allowed to obtain the irreversible temperature, Tirr as a func-
tion of magnetic field [see inset (i) in Fig. 7(a)]. In addition,
we also obtained the mean field transition temperature, Tc(H )
for each measured isofield M(T ) by the crossing point of the
extended reversible region with the extension of the normal
region [56]. The insets of Figs. 7(a) and 7(b) show this method
applied to selected M(T ) curves obtained after background
correction. The kinks appearing on the M(T ) curves for H ‖
ab at ∼ 7 K are likely to be associated with the decrease
of Jc observed below 7 K in Fig. 6(d). As discussed above
the possible emergence of Josephson vortices below 7K is
expected to be followed by a change in the magnetic flux
inside the sample. An H-T phase diagram is constructed using
the obtained Tc(H ) and Tirr from each isofield M(T ) along
with the characteristic fields Hirr , Hp and Hon from isothermal
M(H ) measurements. A criteria, Jc = 20 × 104 A/m2 (for
H ‖ c) and Jc = 50 × 104 A/m2 (for H ‖ ab) is used to
consistently obtain the irreversibility field, Hirr from each

FIG. 7. Isofield temperature dependence of ZFC magnetization
measured at different applied magnetic field (a) for the H ‖ c axis.
(b) for H ‖ ab planes.

isothermal M(H ). The resulting H-T phase diagrams for both
crystal directions are shown in Fig. 8.

The upper critical field as a function of temperature,
Hc2(T ) [or Tc(H )-line], for both crystal directions show
smaller slope at low magnetic fields and a relatively larger
slope at higher fields. The linear fit to the Hc2(T ) gives
slopes of −0.23 T/K and −2.51 T/K for H ‖ c-axis and
H ‖ ab-planes, respectively. The anisotropy parameter, γHc2 =
(dHc2/dT )ab/(dHc2/dT )c is estimated as ∼ 11 suggesting
the 3D character of the vortex lattice in Pr0.87LaCe0.13CuO4

crystal mainly for the H ‖ c-axis. The orbital-limit of the
upper critical field, Hc2(0) ∼ −0.7Tc(dHc2/dT ) is 3.7 and
40.4 T for the H ‖ c and H ‖ ab directions, respectively. Also
the respective Ginzburg-Landau coherence lengths, ξ (0) =
(φ0/(2πHc2(0)))1/2, are ∼ 94 Å and ∼ 28 Å. Similar to
the other studies on electron-doped cuprates [14,57–59], the
irreversibility line, Hirr (T ) shows positive curvature for both
directions and nicely fit to an empirical relation, Hirr (T ) =
Hirr (0)[1 − (T/Tc)]β , where, Tc = 23 K and Hirr (0), β are
fitting parameters. The solid lines in Hirr (T ) show the fitted
curve with parameters, Hirr (0) = 3.8 ± 1 T, β = 2.3 ±
0.1 for H ‖ c and Hirr (0) = 30.0 ± 3 T, β = 2.6 ± 0.1
for H ‖ ab, respectively. It is worth to mention that the
values of the exponent β are relatively higher than that found
for YBaCuO, β = 1.5 [60], and also larger than that found
for the vortex-glass state [61]. The anisotropy parameter,
γHirr = Hirr,ab /Hirr,c is estimated as ∼ 8, which is close to
the value estimated through slopes of Tc(H )-line. However,
the anisotropy parameter obtained in the present study is twice
smaller than the one reported in literature for this system
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FIG. 8. H -T phase diagram (a) for the H ‖ c axis. (b) for H ‖ ab
planes. Solid lines show the fitted curves (see text for details). Inset
shows the temperature variation of Hon.

[14] but nearly double compared to YBaCuO (YBCO) [56].
Contrary to the Hirr (T ) and Tc(H ), the Hp(T ) shows a nega-
tive curvature and well fitted using an empirical expression,
Hp(T ) = Hp(0)[1 − (T/Tp)μ], where, Hp(0), Tp and μ are
fitting parameters. The solid line for Hp(T ) in Fig. 8(b) shows
the fitted curve with Hp(0) = 1.64 ± 0.4 T, Tp = 16.7 ±
0.2 K and μ = 1.5 ± 0.1. On the other hand, the Hon [field
associated with the onset of SMP in isothermal M(H )] shows
an anomalous nonmonotonic temperature dependence, which
has not been observed previously in a superconductor. From
Hc1 = 23 mT and Hc2(0) = 3.7 T for the H ‖ c axis and
the expression Hc2/Hc1 = 2κ2, we estimate κ ≈ 10 and from
Hc1 ∼ φ0lnκ/4πλ2 where λ is the superconducting penetra-
tion depth [62], and Hc1 = 2.4 mT for H ‖ ab, we estimate
λ(2K) ∼ 1250 Å for the H ‖ c axis and λ(2K) ∼ 3890 Å for
H ‖ ab planes. The value of λ for H ‖ c axis is comparable to
that obtained for YBCO (Tc = 93 K) λ(0) ∼ 1460 Å and about
half the value for the electron-doped PrCeCuO4, where λ(0)
∼ 2790 Å[63].

IV. SUMMARY AND CONCLUSION

In summary, we studied the vortex dynamics in a sin-
gle crystal of an electron-doped cuprate superconductor
Pr0.87LaCe0.13CuO4, with Tc ∼ 23 K. An unusual SMP
feature is observed in the initial branch of isothermal M(H )
for H ‖ ab-planes for T � 15 K. However, no such feature is
observed for the H ‖ c-axis direction. The origin of the SMP
is explored using magnetic relaxation measurements at several
fixed temperatures and magnetic fields. While the temperature
and magnetic field dependence of the relaxation rate do not
show any evidence of pinning crossover, a detailed analysis
based on the activation pinning energy suggests that the SMP
is associated with an elastic to plastic pinning crossover.
Using Bean’s critical state model, the critical current density
is obtained from the isothermal M(H ) measurements for the
H ‖ c-axis and H ‖ ab-planes. The temperature dependence
of critical current density, Jc(T ) for the H ‖ c-axis does not
follow the conventional pinning model based on variation in
Tc and mean free path. On the other hand, a peak is observed
near 7 K in Jc(T ) for H ‖ ab-planes. Such a peak in Jc(T ) is
likely to be related to a vortex-lattice dimensional crossover
from a 3D Abrikosov to 2D Josephson vortices at low tem-
perature, however its exact origin is yet to be found. H-T
phase diagrams for both crystal directions were constructed
for different characteristic magnetic field and temperature
values via making use of isothermal M(H ) and isofield M(T )
measurements. A relatively small anisotropy parameter, γ ∼
8–11 obtained in the zero temperature limit suggests the 3D
nature of vortex lattice mainly for the H ‖ c-axis.
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