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Charge order is commonly believed to compete with superconducting order. An intertwined form
of superconducting wave function, known as pair-density-wave (PDW) order, has been proposed;
however, there has been no direct evidence, theoretical or experimental, that it forms the ground
state of any cuprate superconductor. As a test case, we consider La2−xBaxCuO4 with x = 1/8,
where charge and spin stripe orders within the CuO2 planes compete with three-dimensional super-
conducting order. We report measurements of the superconducting critical current perpendicular to
the planes in the presence of an in-plane magnetic field. The variation of the critical current with
orientation of the field is inconsistent with a theoretical prediction specific to the PDW model. It
appears, instead, that the orientation dependence of the critical-current density might be determined
by a minority phase of d-wave superconductivity that is present as a consequence of doped-charge
inhomogeneity.

I. INTRODUCTION

In a superconductor, a collective state of paired elec-
trons supports dissipationless transport, corresponding
to current flow without resistance. For a solid with charge
order, there is a static spatial modulation of the density
of conduction electrons. While charge order has now been
observed in most cuprate superconductors [1, 2], charge
and superconducting orders are typically viewed as com-
petitors [3–6]. An extreme case occurs in La2−xBaxCuO4

(LBCO) with x = 1/8, where the crystal structure at
low temperature has anisotropic Cu-O bonds that sta-
bilize charge and spin stripe orders [7, 8]. Unusual two-
dimensional (2D) superconductivity develops at the onset
of spin-stripe order [9, 10].

Evidence for the 2D superconductivity is illustrated in
Fig. 1(a), where one can see that the in-plane resistiv-
ity, labelled ρb (where b is one of the two equivalent axes
aligned with Cu-O bonds), in the absence of a magnetic
field shows a substantial drop at ∼ 40 K, indicating the
onset of phase-disordered superconductivity, with phase
order developing below 20 K in the form of a Berezinskii-
Kosterlitz-Thouless transition [9]. Meanwhile, the resis-
tivity along the c axis, ρc (measured perpendicular to the
planes), remains large until the temperature drops below
10 K, demonstrating the 2D character of the supercon-
ducting fluctuations. Application of a strong in-plane
magnetic field lowers these transition temperatures, but
they remain finite.

It is extremely unusual to observe 2D superconduc-
tivity within equivalent layers of a bulk crystal because
one would normally expect some type of effective Joseph-
son coupling between neighboring layers that results in
three-dimensional superconducting order. To explain the
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apparent frustration of the interlayer Josephson coupling
[9, 12], PDW order was proposed [11, 13, 14]. In this
state, the pair wave function has extrema on the charge
stripes, where the amplitude oscillates from positive to
negative on neighboring charge stripes. The suggested
PDW state corresponds to a situation where the super-
conducting pairs have finite momenta along the direction
of the charge modulation. The frustration of the inter-
layer coupling comes from a 90◦ rotation of the PDW
order between layers, following the pinning of the charge
stripes to the lattice anisotropy [15], as indicated in the
upper inset of Fig. 1(a).

While the PDW proposal is consistent with experi-
ment, its relevance remains uncertain. The PDW is
a strongly-correlated state that is difficult to reconcile
with the conventional theory of superconductivity [16],
which is based on a model of nearly-free, spatially-
extended electron waves. On the other hand, evaluations
of relevant theoretical models appropriate to hole-doped
cuprates using advanced numerical techniques find that,
while there is evidence for charge- and spin-stripe orders
for a hole concentration of 1/8, the measure of super-
conducting coherence is strongly depressed and spatially
uniform [17–19]. Calculations show that the PDW state
is close in energy to other solutions [20], but none have
identified conditions where it is the ground state.

Yang [21] proposed an experimental test directly sensi-
tive to the putative PDW state in LBCO. He noted that
the mismatch between the momenta of the Cooper pairs
located in adjacent CuO2 planes can be reduced by appli-
cation of an in-plane magnetic field [22]; measurements
on the closely-related compound La1.7Eu0.2Sr0.1CuO4

have demonstrated that a strong in-plane field can re-
duce ρc [23]. A phase-sensitive prediction is that the
superconducting critical-current density along the c axis
should be maximum when the field is at 45◦ to the Cu-
O bonds. Unfortunately, our results find the maxima to
occur when the field is parallel to Cu-O bonds, as pre-
viously observed in stripe-ordered La1.6−xNd0.4SrxCuO4
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FIG. 1. (a) Resistivity vs. temperature for ρb (open symbols) and ρc (filled symbols) in zero field (magenta squares) and
full field of 14 T applied along the b axis (blue circles), corresponding to field angle θ = 90◦ measured relative to the a axis.
(a and b are equivalent, and correspond to Cu-O bond directions.) Upper inset indicates the proposed PDW order, with the
superconducting wave function oscillating from positive (dark) to negative (light), and rotating by 90◦ between layers [11].
Insets also indicate relative positions of voltage contacts. For measurements of ρc, the longest sample dimension was along c,
and the magnetic field was always perpendicular to the current (upper inset), whereas for measurements of ρb (lower inset),
the long dimension was along b, and the magnetic field was rotated in the plane that included the direction of the current flow.
(b) Variation of ρc with θ at T = 5, 10, 20, and 30 K. (c) Variation of ρb with θ at T = 20, 30, 32.5, and 40 K.

[24]. It now appears that the anisotropy might be the
result of an “extrinsic” effect due to inevitable charge
inhomogeneity [25].

The rest of this article is organized as follows. After a
brief description of the experimental methods, the results
are presented in Sec. III. A comparison with previous
results and a discussion of a new proposed interpretation
are given in Sec. IV. Our conclusions appear in Sec. V.

II. EXPERIMENTAL METHODS

Single crystals of LBCO with x = 1/8 studied
here were grown in an infrared image furnace by the
floating-zone technique. They are pieces from the same
cylindrical crystal used previously to characterize two-
dimensional fluctuating superconductivity [9]. Single-
crystal samples were cut and aligned into slabs, then fixed
on a 0.5-mm-thick sapphire substrate. The imperfection
in the sample alignment, estimated from X-ray diffrac-
tion, is less than 0.5◦. For transport measurements, cur-
rent contacts were made at the ends of the longest di-
mension of crystals to ensure uniform current flow, while
the voltage contacts were made on both the top and side

of the crystals. For example, one of the crystals prepared
for measuring the resistivity along c, ρc, had dimensions
along axes c× b× a of 3.50 × 0.94 × 0.20 mm3; the crys-
tals for measuring the in-plane resistivity had the long
dimension along b (which cannot be distinguished from
a due to twinning). We used a low-temperature con-
tact annealing procedure [9] leading to low contact resis-
tance (< 0.2 Ω) that allows us to measure the resistivity
over seven orders of magnitude. The angle-dependent
magnetoresistance (ADMR) was measured using the 4-
point probe in-line method in a Quantum Design Physical
Property Measurement System (PPMS) equipped with
a 14-T superconducting magnet. The resistivity mea-
surements have been performed with the current applied
along either the a(b)-direction or the c-direction using dc
and ac transport options with a current range of 50 µA
– 1 mA. Both dc and ac methods produced the same
results. The data shown are from the ac transport mea-
surements (17 Hz). For crystal alignment with magnetic
field, horizontal and vertical sample rotators were used
with the angular resolution ∼ 0.1◦. The alignment rela-
tive to the field direction was adjusted in situ to minimize
misorientation effects. Temperature dependent ADMR
data were taken from 1.8 to 300 K, at various fields up
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FIG. 2. Examples of voltage vs. current applied along the c axis with the in-plane magnetic field of 14 T oriented (a) at 45◦

to the b axis (θ = 135◦), and (b) along the b axis (θ = 90◦), for several temperatures. Dashed line indicates the threshold
criterion, corresponding to an electric field Ec = 1 µV/cm, used to determine the critical current. (c) Variation of the critical
current density along c, Jc, with field angle θ for several temperatures and a magnetic field of 14 T. Maxima are distinctly
aligned with the directions with the Cu-O bond directions. (d) Similar to (c), but comparison of results for three values of the
magnetic field (1, 5, and 14 T) at T = 4 K; note that the scale for Jc is logarithmic.

to 14 T. ADMR data at fixed temperatures and magnetic
fields were taken in-situ with a vertical sample rotator as
a function of the in-plane magnetic field angles (θ) in a
range of −15◦ to 360◦. The ADMR results were con-
firmed by measurements on a second crystal [26]. Fur-
ther details on the experimental procedures and consid-
erations are presented in the Supplemental Material [27].

For measurements of the critical current density along
c, Jc, IV curves were measured by ramping up a DC cur-
rent from zero to a specified maximum and back down to
zero while measuring the voltage drop across the sample
in the same configuration as that used for the ADMR
measurements. In order to rule out sample heating, the
ramp-up and ramp-down curves were verified to be iden-
tical. The data presented in Fig. 2(a) and (b) were
smoothed by taking a three-point average of the raw data.
The critical current was then determined to be that at
which the electric field in the sample reaches the thresh-
old Ec = 1 µV/cm .

Note that we use a and b to label the in-plane crystal
axes aligned with the Cu-O bonds, which are equivalent
and indistinguishable in the low-temperature-tetragonal
phase [8] relevant to all measurements presented here.

III. RESULTS

Consider the ADMR results in Fig. 1(b), obtained in
the maximum field of 14 T. There is no significant modu-
lation at T = 30 K, where, as one can see in Fig. 1(a), ρc
is at its maximum; however, oscillations become appar-
ent at 20 K, where ρc has begun to decrease, and they
become stronger with further cooling. The minima in ρc
occur whenever the field is along a Cu-O bond direction.

The lack of perfect 4-fold symmetry is a consequence
of the sample shape. The crystal for this measurement is
longest along c, and it has unequal widths of the a and
b faces, as described in the previous section. This leads
to anisotropy in the demagnetization factor [28], which
means that the internal magnetic field is not precisely
identical when the field is along a or b.

For comparison, we show the impact of field orienta-
tion on in-plane resistivity ρb in Fig. 1(c). In this ge-
ometry, we have an anisotropy that is controlled by the
orientation of the field relative to the measurement cur-
rent, which is along b, resulting from the variation in the
Lorentz force on magnetic vortices [29]; note that this
anisotropy only becomes significant with the onset of in-
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plane superconductivity. The resistivity is a minimum
when the current is parallel to the applied field, where
the Lorentz force is zero, which means that we have a
two-fold variation, and not the four-fold modulation of
ρc, when the temperature is below the onset of in-plane
superconductivity. These data simply demonstrate that
the in-plane ADMR behaves as expected and does not
show any signature relevant to testing PDW models.

To explore the critical-current density along the c axis,
we have to cool to below 5 K. Figures 2(a) and (b) show
examples of voltage vs. current measurements for field
at 45◦ to the b axis and along the b axis, respectively,
and temperatures from 4 K down to 1.9 K. Following
standard procedure, we identify the critical current as
the value at which the voltage crosses a threshold value
indicated by the dashed line, which corresponds to an
electric field along the c axis of 1 µV/cm.

The variation of the c-axis critical-current density, Jc,
with field angle is plotted in Fig. 2(c) at maximum field
for several temperatures. As one can see, it peaks period-
ically when the field is along a Cu-O bond. Figure 2(d)
shows that the effect is detectable with magnetic fields of
smaller magnitude, as well. Of course, at fixed temper-
ature there is a large change in Jc with field magnitude
due to its effect on the superconductivity in the CuO2

planes, as one can see in Fig. 1(a). The observed angle
dependence of Jc is precisely out of phase with the pre-
diction based on orthogonally-stacked PDW order [21].

IV. DISCUSSION

The ADMR that we observe in ρc below 30 K has the
same fourfold symmetry and orientation as that reported
for stripe-ordered La1.6−xNd0.4SrxCuO4 with x = 0.15
[24]. In that work, it was attributed to anisotropic pin-
ning of magnetic vortices by charge stripes. That ex-
planation seems unlikely given the fact that the ADMR
is observed at temperatures where ρb is finite, and
without superconducting phase order within the planes
there cannot be pinning of vortices. We also note that
the ADMR observed here is distinct from the normal-
state ADMR reported for strongly overdoped cuprates
such as La1.6−xNd0.4SrxCuO4 with x = 0.24 [30] and
Tl2Ba2CuO6+δ [31].

To evaluate an alternative explanation of the modu-
lation in ρc and Jc, it is necessary to take account of
all possible superconducting paths in the sample [32].
Clearly, the decrease of ρc below ∼ 25 K is not what one
would expect from an ideal system of 2D superconducting
layers with a uniformly-frustrated interlayer Josephson
coupling. The observed T -dependence of ρc resembles
the behavior of one-dimensional (1D) superconducting
nanowires in which phase slips result in finite resistivity
[33]. It suggests that in the temperature interval be-
tween 4 and ∼ 25 K we have the peculiar situation of
two types of liquids of superconducting pairs: one type
involving 2D PDW order, and the other type consist-

ing of pairs located on effective nanowires traversing the
sample along the c direction. It is important to note
that the effective 1D superconducting fluctuations along
c must be decoupled from the 2D PDW superconductiv-
ity. If they were coherent with one another, this would
provide an interlayer coupling between the PDW order in
the layers and the superconductivity would immediately
become 3D. One likely origin of such a situation lies in
charge inhomogeneities. As discussed in detail elsewhere
[34], charge disorder is significant in cuprates, as demon-
strated by local probes such as nuclear magnetic reso-
nance [35]. Hence, we can expect to have some patches
in each plane with a local hole concentration & 0.14 that
can support spatially-uniform superconductivity. Some
of these patches will be able to couple along the c axis,
causing ρc to drop. A subset of these may form effective
1D “trails” crossing the sample. Another contribution
may come from crystallographic twin boundaries, where
the local variation in symmetry [36] might allow finite
patches of uniform superconductivity that could commu-
nicate along the c axis.

Our analysis of filamentary superconducting paths
along the c axis is necessarily speculative. To show that
such mixed behavior is not uncommon, we point to the
case of LBCO x = 0.095, where measurements indicate
3D bulk superconductivity below 32 K in zero field while
application of a c-axis field of 2 T is sufficient to make
ρc finite for T > 10 K, with the in-plane resistivity re-
maining negligible below 25 K [37]. The presence of two
types of superconducting order appears inescapable in
that case; regions with order that couples along the c axis
are strongly impacted by very modest magnetic fields,
while superconductivity that is restricted to the planes
is relatively insensitive. This interpretation is also sup-
ported by the recent observation that a similar decou-
pling of superconducting planes can be achieved by Zn
doping [38]. We do not know of a plausible interpreta-
tion of those results in terms of sample misorientation or
misoriented grains.

The fraction of the full Meissner response observed at
2 K in a field of 0.2 mT parallel to the planes is only
0.1% [39], which contrasts with a value of at least 20%
measured in polycrystalline La2−xSrxCuO4 for a large
range of x [40]. This is compatible with a minority phase
of uniform superconductivity being responsible for the
drop of ρc to zero at low temperature. A mechanism ex-
plaining the observed ADMR in terms of such a minority
phase has been proposed in [25]. Assuming that PDW
order is present, as suggested by the high-temperature
onset of 2D superconductivity, the lack of a dominant re-
sponse to an in-plane magnetic field might be evidence for
the strong degree of frustration of the interlayer Joseph-
son coupling. We should also note that positive phase-
sensitive evidence for PDW order has been reported
in studies of Josephson junctions with La2−xBaxCuO4

x = 1/8 crystals [41].

There have been several previous reports of local PDW
order by scanning tunneling microscopy. These include



5

detecting PDW order in the vicinity of magnetic vortex
cores through interference with uniform superconductiv-
ity [42] and through local periodic modulations of the
superconducting gap [43]. It is possible that local per-
turbations, such as a magnetic vortex core, may change
the energy balance, stabilizing PDW locally even when
the energetically-favored order in the bulk is spatially-
uniform superconductivity [38].

V. CONCLUSION

In conclusion, we have observed a fourfold modula-
tion of Jc as a function of the orientation of an in-plane
magnetic field. The maximum Jc occurs when the field
is along a Cu-O bond direction, which is inconsistent
with a prediction based on the idea of partial relief of

the frustration of interlayer Josephson coupling due to
PDW order [21]. The observations are consistent with
an earlier study of stripe-ordered La1.6−xNd0.4SrxCuO4

with x = 0.15 [24]. It appears that the anisotropy may
actually be a consequence of minority regions of uniform
superconductivity, as proposed in [25].
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