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A fourfold symmetry of the out-of-plane magnetoresistance �MR� of La1.6−xNd0.4SrxCuO4 ��LNSCO� x
=0.10, 0.12, 0.15, and 0.18� single crystals was observed below the superconducting transition temperature
Tc

onset by rotating magnetic field direction in the ab-plane of the crystals. This large anisotropy in MR of
LNSCO compared with that of La2−xSrxCuO4 is mainly attributed to the static stripe-phase-induced vortex
pinning. A similar fourfold symmetry in ac magnetization supports the pinning mechanism in the stripe phase.
A further investigation indicates that the anisotropic MR depends on both the stripe-phase-induced vortex
pinning and the superconductivity of the LNSCO system.
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The stripe phase in high-Tc cuprates is one of the most
important issues for understanding the mechanism of high-Tc
superconductivity. Transport and neutron-scattering studies
on La2−xSrxCuO4 �LSCO� and YBa2Cu3O7−� �YBCO� single
crystals support the stripe picture that the doped carriers ag-
gregate into stripes and move in these “charge rivers” with-
out disturbing the underlying antiferromagnetic CuO2
planes.1–3 In La2−xBaxCuO4 �LBCO� or La1.6−xNd0.4SrxCuO4
�LNSCO� system, the static stripe phase appears after the
structural transformation from the low-temperature ortho-
rhombic �LTO� phase to the low-temperature tetragonal
�LTT� phase.4 It is found that the formation of static charge-
stripe order raises an inhomogeneous superconducting state
and induces unusual charge transport behaviors.5,6

As we know, the vortex state in a system with intrinsically
modulated superconductivity is possibly different from that
of a homogenous superconducting system. Therefore, it is of
interest to study the vortex dynamics in the stripe-ordered
state. It was found theoretically that the vortex for magnetic
field perpendicular to CuO2 plane is trapped in the weak
superconducting structure outside of the charge stripe, as re-
ported by Ichioka et al.7 This scenario is similar to the “cross
lattice” vortex state observed in Bi2Sr2CaCu2O8 under inde-
pendently applied in-plane field and c-axis field.8,9 In the
“cross lattice” state, a pancake vortex is located on the Jo-
sephson vortex line as a result of the pinning by inhomoge-
neous superconducting state raised by the penetration of Jo-
sephson vortex. Although this stripe-phase pinning effect
was proposed by studying the magnetization of
La1.45Nd0.4Sr0.15CuO4 single crystals for field parallel to c
axis,10 it is still unclear how the static stripe phase interacts
with the vortex matter, especially for the case of the field
parallel to the CuO2 plane. In this case, one can get the most
intrinsic information for the interaction between the vortices
and stripes that lie on the CuO2 planes, which is very impor-
tant for understanding the vortex dynamics in high-Tc super-
conductors. To further clarify this problem, the c-axis resis-
tivity and the in-plane magnetization for magnetic fields
parallel to the CuO2 plane of LNSCO single crystals were
studied. A fourfold symmetry is found in the c-axis magne-

toresistance �MR� as well as the ac magnetization upon ro-
tating the magnetic field within the ab plane, which suggests
a stripe-phase-induced anisotropic flux pinning.

The single crystals of La1.6−xNd0.4SrxCuO4 with nominal
Sr compositions of x=0.10, 0.12, 0.15, and 0.18 were grown
by using a traveling solvent floating-zone furnace �model:
FZ-T-4000-H, Crystal System Corp.� with a quartet ellipsoi-
dal mirror heated by four halogen lamps. The growth method
was similar to the previous reports.11,12 The typical grown
rods were 6 mm in diameter and 80 mm in length. The di-
mension of the samples used in the present transport mea-
surements is 3�1�0.7 mm3 with long edge along the c
axis. The angular error from the desired crystal axis was less
than �1°. Before measurements, the samples were annealed
in air at 800 °C for 48 h to attain a proper oxygen content
and achieve homogeneity. The c-axis resistance was mea-
sured by a four-probe technique using a Quantum Design
Physical Property Measurement System �PPMS�-9. The ac
magnetization was studied using a superconducting quantum
interference device ��SQUID� Quantum Design, Magnetic
Property Measurement System �MPMS�-XL�. The sample
used for the magnetization measurement is shaped to a col-
umn with diameter of 2 mm and thickness of 1 mm along c
axis. Magnetic fields were applied parallel to the ab plane of
the crystals in all measurements.

It is known that the static stripes are along the Cu-Cu
direction for a nonsuperconducting LSCO �x�0.05�; while
for the LTT phase of LNSCO, the static stripes are along the
Cu-O-Cu direction and the stripes in adjacent CuO2 planes
are rotated by 90°.13–15 Suppose the stripe may affect the
vortex movement, it is very likely that the MR under in-
plane fields along Cu-O-Cu and Cu-Cu directions would be
different. Figure 1 displays the temperature dependencies of
the out-of-plane resistivity �c under different magnetic fields
along Cu-O-Cu ��=0°, here � is the angle between the di-
rection of field and a �or b� axis of LNSCO� and Cu-Cu ��
=45°� directions for the LNSCO crystals with x=0.10, 0.12,
0.15, and 0.18. For magnetic fields along the Cu-Cu direc-
tion, the broadening of the superconducting transition curves
is slightly larger than that of the fields along Cu-O-Cu direc-
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tion. To give a clear evidence for the difference, the magnetic
field-dependent resistivities for �=0° and �=45° under a
fixed temperature are plotted, as shown in Fig. 1�c� for LN-
SCO x=0.15 at 15 K. The field-dependent resistivity for �
=45° is obviously larger than that for �=0°. These results
strongly indicate the existence of the anisotropic in-plane
field effect on the out-of-plane resistivity of LNSCO crystals.

In order to get a detailed image of the anisotropic in-plane
field effect, the angular dependence of the out-of-plane MR
���c /�c0= ��c�H�−�c�0�� /�c�0�� was measured by rotating
the sample within 200° range under the in-plane magnetic
field. Figure 2 shows the angular dependencies of MR for
x=0.15 sample �Tc

onset of 31 K� at 15, 25, 30, and 40 K under
a magnetic field of 1 T. The angular dependence of c-axis
MR of LNSCO exhibits a fourfold symmetry upon rotating
the magnetic field within the ab plane of the crystals below
the resistive transition temperature Tc

onset, while such a sym-
metry disappears at 40 K which is above Tc

onset. It was found
that the MR reaches a maximum and/or a minimum for the
field along the Cu-Cu and/or the Cu-O-Cu directions, respec-
tively.

Several origins may be responsible for the fourfold sym-
metry. The first possible origin is the d-wave symmetry of
the superconducting gap, as reported in LSCO by Hanaguri
et al.16 and 60 K YBCO by Naito et al.17 For comparison, the
angular dependence of MR of LSCO x=0.15 single crystal
which has a Tc

onset of 41 K was also studied. In our case, the
fourfold symmetry in LNSCO is much larger than that in
LSCO, as shown in Fig. 3, which is difficult to be explained
by a simple d-wave symmetry of superconductivity. This fact
indicates that the origin for the large anisotropic MR in
LNSCO is different from the earlier reports. The second
possible origin is the interaction between the magnetic field
and magnetic domain or the pattern of the spin order. A
fourfold symmetry due to this effect has been reported in
the normal state of Pr1.85Ce0.15CuO4 �Ref. 18� and
Y0.2Pr0.8Ba2Cu3O7−�.19 According to the static stripe model,
the doped carriers aggregate into charge stripes, while the

background of CuO2 plane outside is still antiferromagnetic;
this arouses the possibility of a similar mechanism. Ando et
al.20 reported a twofold symmetric MR of �c in the nonsu-
percondcuting La1.99Sr0.01CuO4 single crystal which was as-
sociated with the antiferromagnetic order. However, the four-
fold symmetry in our sample can be observed only below
Tc

onset, indicating that its MR mechanism is different from
that in La1.99Sr0.01CuO4. It is probably due to the fact that the
antiferromagnetic order in our samples is much weaker than
that in La1.99Sr0.01CuO4.21,22 The third possibility responsible
for the fourfold symmetry of c-axis MR in LNSCO is the
interaction between the stripe phase and the vortices. Al-
though the field is parallel to the ab plane of the crystal,
Josephson vortices can jump across the CuO2 planes in the
form of vortex bundles23 and form pancake vortices on the
CuO2 planes. Meanwhile, the slight mismatch between the
field direction and the CuO2 plane may also result in the
formation of pancake vortices. The pancake vortices may
distort and extend along the direction parallel to the stripe.
Besides the pancake vortices, the segments of vortex lines
can extend in the CuO2 planes too because of the existence
of weakly superconducting regions between charge stripes in
CuO2 planes. Both the pancake vortices and vortex line seg-
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FIG. 2. �Color online� Angular dependencies of the out-of-plane
MR for x=0.15 under a magnetic field of 1 T at different tempera-
tures. Dotted lines are the fittings using Eq. �1�.
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FIG. 1. �Color online� Temperature dependencies of �c of
La1.6−xNd0.4SrxCuO4 �x=0.10, 0.12, 0.15, and 0.18� single crystals
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ments are intent to stay in the weakly superconducting region
outside of the charge stripe.7 As the direction of applied field
is always perpendicular to the current, the Lorentz force will
cause the movement of vortex along the direction parallel to
the ab plane and perpendicular to the field. Because of the
stripe structure, the movements of the pancake vortices and
the vortex line segments are not arbitrary, and the vortex
motion in the direction perpendicular to the stripe is re-
stricted by the additional potential barrier which originates
from the energy difference between the weakly and strongly
superconducting regions due to the stripe phase. Therefore,
the vortex movement is much more difficult in the direction
perpendicular to the stripes than that along the stripes and the
pining potential as well as the vortex movement in the CuO2
are strongly dependent on the magnetic field direction.

The weakly superconducting regions due to the modu-
lated superconductivity act as the intrinsic line pinning cen-
ters. This situation is similar to columnar defects which can
provide a strong pinning potential to the flux lines along
them.24 The movement of the vortices will consume energy
and lead to an increase in resistivity, while the stripe pinning
effect can suppress the increase in resistivity by restraining
the vortex movement. Consequently, this angular dependence
of MR can give an evidence for the existence of the stripe
structure in LNSCO. Similar to the ��sin2 � relation in the
twofold symmetry,20 the fourfold symmetry in LNSCO can
be described as follows:

��c/�c0 = a sin2 2� + b , �1�

where a and b are constants. Equation �1� fits the anisotropic
MR very well �see Fig. 2�.

To convince the stripe pinning model mentioned above,
the angular dependence of magnetization for LNSCO with

x=0.15 under an in-plane magnetic field was measured. In
order to exclude the influence of the magnetism of Nd
ions,10,25 the ac magnetization measurement mode was cho-
sen. For each measurement, the dc magnetic field was fixed
at 1 T and the ac magnetic field parallel to the dc field was
applied with a fixed frequency �f =100 Hz� and amplitude
�Hac=1 Oe�. Figure 4�a� shows the angular dependencies of
the real part of magnetization �M�� at different temperatures
and Fig. 4�b� displays a fourfold symmetry for M� measured
at 10 K, which is similar to the anisotropy in MR. The tem-
perature dependence of the fourfold symmetry excludes the
magnetic domains explanation since the anisotropic magne-
tization caused by magnetic domains should be observed for
all the temperature range.20,22 The angular dependence of the
ac magnetization for LSCO x=0.15 crystal without a static
stripe phase is also measured and the fourfold symmetry can-
not be found. This suggests that the fourfold symmetry in M�
of LNSCO originates from the vortex pinning by the static
stripe phase. The pinning force of the stripe phase offers an
additional resistance for the entrance of vortex line into the
sample, according to the fact that the largest diamagnetism
appears for the magnetic field parallel to stripe. The differ-
ence in the temperature range for the fourfold symmetry ob-
served by two methods is due to the different characteristics
between M� and resistivity.26,27

Figure 5 shows the Sr content dependence of the aniso-
tropic resistivity in the form of �c��=45°� /�c��=0°� under a
magnetic field of 1 T for the LNSCO single crystals. The
anisotropic magnitude for x=0.12 sample is the smallest
among the four samples while the largest for x=0.18. Gen-
erally, the specimen for x=0.12 has the strongest static stripe
phase as indicated by 1/8 anomaly.28 One may regard that the
stronger the stripe phase were, the larger the �c��
=45°� /�c��=0°� would be. However, the present result is
opposite to this expectation. It is probably due to the stripe
phase competing with the superconductivity and the en-
hancement in static stripe phase will weaken the supercon-
ductivity. Since the superconductivity is strongly suppressed
near 1/8 doping,29 the energy for a flux line to overcome the
stripe structure will be reduced consequently. This result
convinces us that the resistive anisotropy depends on both
the superconductivity and the stripe-phase stability.
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In conclusion, the fourfold symmetry of both the MR and
the ac magnetization in La1.6−xNd0.4SrxCuO4 single crystals
can be interpreted by the anisotropic flux pinning by the
static stripe phase in this system. Furthermore, the magnitude
of the anisotropy in MR of LNSCO single crystals shows a
strongly doping as well as magnetic field dependence. The
results imply that the anisotropic flux-pinning effect depends

both on the stripe structure and on the superconductivity.
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