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The dc and ac magnetizations of the stripe-ordered La1.6−xNd0.4SrxCuO4 �x=0.10,0.15,0.18� single crystals
have been studied systematically under different magnetic-field orientations. It is found that the dc magneti-
zations M for all the three different doped samples show two diamagnetic steps for H �c, while there is only
one for H �ab. The real part M� of the ac magnetization is similar to that of the dc one and the imaginary part
M� shows two peaks at the temperatures corresponding to the two steps of M�. For comparison, the dc
magnetization of La1.85Sr0.15CuO4 single crystal without static stripe phase has only one transition for H �c.
The results suggest that the anisotropic magnetic properties in La1.6−xNd0.4SrxCuO4 are closely related to the
decoupling between the CuO2 planes by the static stripe order which causes a two-dimensional superconduct-
ing state in the system.

DOI: 10.1103/PhysRevB.77.214524 PACS number�s�: 74.25.Ha, 74.25.Qt, 74.72.Dn

I. INTRODUCTION

It is known that the vortex dynamics is one of the most
important topics in the field of high-transition temperature
�Tc� superconductivity. Due to the short coherence and lay-
ered structure in high-Tc superconductors, thermal and quan-
tum fluctuations as well as quenched disorders give rise to
some new vortex phases and properties, such as vortex glass,
vortex liquid, vortex entanglement, and dimensional cross-
over three-dimensional �3D�-two–dimensional �2D� etc.1–3 In
the studies of vortex phase, some of high-Tc superconductors
have two transitions or two peaks in the magnetization
curves. For example, in Bi2Sr2Ca1−xGdxCu2O8 single crys-
tals, the decoupling of CuO2 interlayers induced by external
magnetic fields can cause two magnetic transitions in
dc magnetic fields.4 In YBa2Cu3O7−� �Ref. 5� and
Pr0.88LaCe0.12CuO4−� �Ref. 6� systems, the appearances of
two peaks in the imaginary part of ac magnetization have
usually been regarded as due to the multiple flux phase tran-
sitions. While in the Bi2Sr2−xLaCuO6+y �Ref. 7� and the over-
doped La2−xSrxCuO4 �Ref. 8� single crystals, two transitions
in the dc magnetization are related to the appearance of su-
perconducting clusters and the Josephson coupling among
them, respectively. Recently, Li et al.9 observed a crossover
from normal state to 2D superconducting state with decreas-
ing temperature in a stripe-ordered La1.875Ba0.125CuO4 single
crystal. The 2D superconducting state existed at a tempera-
ture higher than the bulk Tc suggests that the dominant im-
pact of the stripe order is to electronically decouple the CuO2
planes, which results in a suppression of the bulk Tc. Fur-
thermore, the earlier study on the angle-resolved photoemis-
sion and scanning tunneling spectroscopies of the stripe-
ordered La1.875Ba0.125CuO4 system revealed a d-wave-like
gap at low temperature, and suggested that a superconduct-
ing phase has already formed above the bulk Tc �Ref. 10�.
Therefore, if there truly exists a 2D superconductivity in the
CuO2 plane for a stripe-ordered high-Tc material, one may
observe a two steplike transition in the dc magnetization and
two peaks in the imaginary part of the ac magnetization for

magnetic fields that are perpendicular to the CuO2 plane.
This implies that the 2D superconductivity in a stripe-
ordered system can cause some anisotropic magnetic proper-
ties, and a diamagnetic signal for the 2D superconductivity
will appear at a temperature higher than the bulk Tc.

9

Despite the intensive investigations of the superconduc-
tivity in the stripe-ordered La1.6−xNd0.4SrxCuO4 system, there
is still no experimental evidence for the existence of the 2D
superconductivity in the system. In this paper, a clear evi-
dence for a 2D superconductivity is presented from the mag-
netic properties of La1.6−xNd0.4SrxCuO4 single crystals. Al-
though the 2D superconducting transition temperature is
higher than the bulk Tc, it is still lower than the Tc of
La2−xSrxCuO4 single crystal without static stripe phase for
the same Sr content, which reflects an intrinsic property of
the static stripe phase in La1.6−xNd0.4SrxCuO4 single crystals.

II. EXPERIMENTS

The single crystals are grown by a traveling solvent
floating-zone technique.11,12 The crystals for the present mea-
surements are shaped into platelets with dimensions of 3.0
�1.0�0.7 mm3, with the shortest edge parallel to the c
axis. The structure of the crystal is characterized by a high-
resolution x-ray diffraction �XRD� technique �Philips X’Pert
Pro diffractometer�. The in-plane resistivity is measured us-
ing a standard four-probe method. The dc and ac magnetiza-
tions are studied using a superconducting quantum interfer-
ence device �SQUID� �Quantum Design, MPMS-XL�. The
field-cooled dc magnetizations are measured as a function of
temperature at a constant field of 1 Oe. For each ac measure-
ment, the ac magnetic field is parallel to the dc field with a
fixed frequency ��=100 Hz� and amplitude �Hac=1 Oe�.
The dc magnetic field is applied at 100 K, then the sample is
cooled to 2 K without ac magnetic field, and finally the ac
magnetic field is superimposed and the data are collected in
the warming process.

III. RESULTS AND DISCUSSION

The XRD result of La1.45Nd0.4Sr0.15CuO4 in Fig. 1�a�
shows that the crystal is of a pure phase. In Fig. 1�b�, the
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in-plane resistivity under zero field shows a jump at about
T0=77 K, which corresponds to the structural phase transi-
tion from the low-temperature orthorhombic to the low-
temperature tetragonal phase.11,13 The onset superconducting
transition temperature Tc

onset and the zero resistance tempera-
ture Tc are about 30 and 13.6 K, respectively, and a weak
trace of a shoulder appears around 19 K, as shown in Fig.
1�c�. It may imply that there exist two superconducting tran-
sitions in the system. To further clarify the nature of this
phenomenon, the magnetizations of the system are studied.

The temperature dependencies of the dc magnetizations of
the three different doped samples La1.6−xNd0.4SrxCuO4 �x
=0.10,0.15,0.18� for magnetic fields parallel and perpen-
dicular to the CuO2 plane exhibit anisotropic diamagnetic
behaviors, as shown in Fig. 2. The magnetization shows one
diamagnetic step for magnetic fields parallel to the CuO2
plane �H �ab�, while it has two steps for the fields perpen-
dicular to the planes �H �c�. For the optimally doped sample
La1.45Nd0.4Sr0.15CuO4, the two steps clearly appear at T1
=21 K and T2=13.6 K for H �c, respectively, as shown in
Fig. 2�b�. It is noted that the superconducting transition tem-
perature for H �ab is very close to T2. For comparison, the dc
magnetization of La1.85Sr0.15CuO4 single crystal without the
static stripe phase has only one transition for H �c, as
shown in Fig. 2�d�. Therefore, the two transitions in
La1.6−xNd0.4SrxCuO4 single crystals might be the intrinsic
property caused by the static stripe phase of the system.

It should be noted that in our experiments, the two tran-
sitions observed at a very low magnetic field of 1 Oe are
different from the previous reports of two transitions in the
dc magnetization curve for many other superconductors.4,7,8

In their reports, the two transitions originated from the flux
phase transition or the decoupling between CuO2 planes4

usually occur at high magnetic fields.5,6 Furthermore, al-
though the two transitions in Bi2Sr2−xLaCuO6+y �Ref. 7� and
La2−xSrxCuO4 �Ref. 8� caused by the 3D superconducting
clusters and the Josephson coupling among them can also
appear at a low magnetic field, they should be observed for
both magnetic fields parallel and perpendicular to the CuO2
plane. Therefore, one can regard that the two diamagnetic
steps in our experiments are probably due to two supercon-
ducting transitions and can be explained using a 2D super-
conducting fluctuation model, which was reported recently
by Berg et al.14 According to this model, the static stripe
phase will cause the decoupling between CuO2 planes and
result in a suppression of the bulk Tc. Thus, there is a sepa-
ration between superconducting transition temperature in the
CuO2 plane and interlayer coupling temperature among the
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FIG. 1. �a� X-ray diffraction pattern for La1.45Nd0.4Sr0.15CuO4

single crystal. Temperature dependence of the in-plane resistivity is
shown in different coordinate systems: �b� rectangular coordinate
and �c� semilogarithmic coordinate.
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FIG. 2. �Color online� Tem-
perature dependencies of the field-
cooled dc magnetizations for
Hdc �ab plane and Hdc �c axis at a
constant field of 1 Oe. �a�
La1.50Nd0.4Sr0.10CuO4, �b�
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planes, and the sample will show two superconducting tran-
sitions as a result. It implies that in La1.6−xNd0.4SrxCuO4, the
high-temperature transition is attributed to the appearance of
superconductivity in the CuO2 plane, and the other one is
due to the Josephson coupling between the CuO2 planes.

In order to study the 2D superconductivity in
La1.6−xNd0.4SrxCuO4 more clearly, the ac magnetizations are
measured. As we know, the real part �M�� in ac magnetiza-
tion corresponds to the screening current properties of the
sample and the imaginary part �M�� represents the energy
dissipation of the vortices.15 Figure 3 shows the ac magneti-
zations of the optimal doped La1.45Nd0.4Sr0.15CuO4 in differ-
ent dc magnetic fields. It can be seen that M� has two peaks
accompanied with two steplike transitions in M� for H �c,
while there is only one peak for H �ab. With increasing mag-
netic fields, the positions of the two peaks decrease monoto-
nously to lower temperatures and close to each other because
the high-temperature peak position decreases more quickly.
For Hdc=0, the variation of M� is very similar to that of dc
magnetization in Fig. 2�b�, and the transition temperatures
measured in the two different ways are almost the same. This
result cannot be interpreted in the framework of multiple flux
phase transitions,5,6,16 such as the melting of flux-line lattice,
the melting, decoupling, and/or depinning of the two-
dimensional pancake vortices. The reason is that all the mul-
tiple flux phase transitions do not occur under a zero dc
magnetic field. With reference to the dc result, it is further
confirmed that the high-temperature transition step in M�
together with the corresponded peak in M� is related to the
2D superconductivity in the CuO2 plane and the low tem-
perature one is probably due to the Josephson coupling be-
tween CuO2 planes.

The peak temperatures under different dc magnetic fields
for La1.45Nd0.4Sr0.15CuO4 obtained from Fig. 3 are shown in

Fig. 4. In the inset of Fig. 4, the high- and low-temperature
peaks are named as P1 and P2, respectively, for H �c, while
for H �ab there is only one peak named as P2�. The tempera-
tures of the three peaks are all decreasing with increasing
magnetic fields. As we know, a peak position in an imaginary
part of ac magnetization represents its irreversibility point.17

The irreversibility line Hirr�T� is the boundary line that sepa-
rates the vortex liquid state from the vortex solid state.18 By
crossing Hirr�T� from lower toward higher temperatures, the
vortex lattice undergoes a melting and depinning transition.19

The temperature dependence of the irreversibility field Hirr
can be fitted according to the formula19

Hirr�T� = H0�1 − Tirr�H�/Tirr�0��v. �1�

Here, v and H0 are the fitting parameters. The temperature
dependencies for the three peaks can be fitted well using Eq.
�1� with fitting parameters listed in Table I, as shown in Fig.
4. The fitting result of P1 suggests that the pancake vortices
in the CuO2 plane undergo a crossover from 2D vortex solid
state to 2D vortex liquid state at the irreversibility line for P1
�Ref. 20�. The fittings for P2 and P2� represent the irrevers-
ibility lines corresponding to the bulk superconductivity for
fields perpendicular and parallel to the CuO2 plane,
respectively.17 With increasing dc fields, the temperature of
P1 �TP1� decreases more quickly than that of P2 �TP2� as the
pinning force for 2D pancake vortices without interlayer Jo-
sephson coupling is weaker than that for the vortex lines.21,22

It is worth mentioning that as compared with the previously
results reported by Ostenson et al.,23 in which the dc M-H
curve of La1.45Nd0.4Sr0.15CuO4 for magnetic field perpen-
dicular to the CuO2 plane was investigated, the irreversibility
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TABLE I. The fitting parameters v and H0 for Eq. �1�.

Peak v H0 �T�
Tirr�0�

�K�

P1 1.732 5.864 20.09

P2 1.611 5.173 13.65

P2� 2.963 84.50 13.53
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line in our experiments shifts to the high temperature and
high-field region. The discrepancy in measuring the irrevers-
ibility line may be a result of using different methods.24

Since P1 disappears for H �ab, one may want to know
whether it means the 2D superconductivity can be observed
only for H �c. Thus, the magnetization measurements at dif-
ferent magnetic-field orientations are presented below.

The ac magnetizations of La1.45Nd0.4Sr0.15CuO4 under dif-
ferent magnetic-field orientations change regularly from �
=0° to �=90°, where � is the angular for the magnetic field
rotated from ab plane to c axis, as shown in Fig. 5. One can
see that P1 cannot be detected for H �ab ��=0°�, but it be-
comes more and more notable with increasing � and gets its
maximum at H �c ��=90°�. In the inset of Fig. 5, TP1 shows
a twofold symmetry with respect to the angular. Usually this
twofold symmetry means that the flux structure is deter-
mined by only one directional component of magnetic
field,16 so a simple trigonometric function is used to fit the
angular dependence of TP1 as follows:

TP1��� = k cos�� + 90°� + T0, �2�

where k is a constant and T0 is the maximum value of TP1.
This equation fits experimental results very well, as shown in
the inset of Fig. 5. Thus, one can regard that the 2D super-
conducting transition phenomenon is out-of-plane magnetic-
field component dependent. The angular dependencies of TP1
for the four different magnetic fields in Fig. 6 are similar to
the inset of Fig. 5 and can also be fitted using Eq. �2�. In Fig.
6, the value of TP1��=0°� extrapolated from the fittings al-
most remains unchanged for fields lower than 1 T. The fitting
results for P1 suggests that the 2D superconducting transition
temperature in the CuO2 plane is almost independent of mag-
netic fields below 1 T which is parallel to the CuO2 plane.
Because magnetic fields parallel to the planes will generally
reduce the coherent length of c axis and cause the decoupling
between CuO2 planes,25 one can regard that this 2D super-

conducting transition temperature is CuO2 plane decoupling
independent.

Additionally, it should be noted that although Nd substi-
tution induces the static stripe phase into the system without
changing the doped carrier density when Sr content keeps as
a constant,26 the 2D superconducting transition temperature
T1 of the stripe-ordered La1.45Nd0.4Sr0.15CuO4 system is
lower than the Tc of La1.85Sr0.15CuO4. This is possibly
due to the following two reasons. First, a long-range
periodic lattice distortion induced by Nd substitution in
La1.85−yNdySr0.15CuO4 system will pin down the static stripe
and suppress the superconducting order in the CuO2 planes.27

Second, the disorder induced by Nd substitution on the cat-
ion site residing outside the CuO2 planes can also lead to the
suppression of superconductivity.28 Further detailed investi-
gations need to be carried out to clarify the relationship be-
tween the 2D superconductivity and the static stripe phase in
the future.

IV. SUMMARY

A particular 2D superconductivity, which is closely re-
lated to the decoupling between CuO2 planes caused by
static stripe phase, is revealed by investigating the dc and ac
magnetizations for H �ab and H �c in the stripe-ordered
La1.6−xNd0.4SrxCuO4 single crystals. This 2D superconductiv-
ity occurred at a temperature higher than the bulk Tc which
suggests that the decoupling is one of the most important
facts for the suppression of Tc by static stripe phase. How-
ever, the 2D superconducting transition temperature is al-
most independent of the decoupling between CuO2 planes in
magnetic fields below 1 T.
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