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We report a study of magnetic susceptibility and electrical resistivity as a function of temperature
and magnetic field in superconducting crystals of Las_,Cai4,Cu20¢ with z = 0.10 and 0.15 and
transition temperature T," = 54 K (determined from the susceptibility). When an external magnetic
field is applied perpendicular to the CuO2 bilayers, the resistive superconducting transition measured
with currents flowing perpendicular to the bilayers is substantially lower than that found with
currents flowing parallel to the bilayers. Intriguingly, this anisotropic behavior is quite similar to
that observed for the magnetic irreversibility points with the field applied either perpendicular or
parallel to the bilayers. We discuss the results in the context of other studies that have found
evidence for the decoupling of superconducting layers induced by a perpendicular magnetic field.

I. INTRODUCTION

An unusual state of matter has been observed in the
underdoped regime of at least one cuprate superconduc-
tor family, in which application of a ¢ axis magnetic field
(perpendicular to the CuOg planes) destroys the phase
coherence between the planes but appears to leave the
superconducting response within the layers unaffected.
This effect was first detected by Schafgans et al. [1] in
c-axis optical reflectivity measurements of the Josephson
plasma resonance in Las_,Sr, CuQOy, with related behav-
ior observed in a careful study of anisotropic suscepti-
bility [2]. It was confirmed in Las_,Ba,CuO4 (LBCO)
with x = 0.095 through measurements of in-plane and c-
axis resisitivity [3], with the decoupling still prominent in
fields up to at least 35 T [4]. In these systems, the decou-
pling is correlated with the occurrence of charge-stripe
order [5H7] and presumably reflects a field-induced frus-
tration of interlayer Josephson coupling by pair-density-
wave superconductivity [HIT] as proposed for the case
of LBCO with « = 0.125 [12] [13].

It is of interest to test whether such phenomena may
occur in other cuprates. A field-induced charge-density-
wave transition has been observed in YBasCusOg4, [14-
16]. It appears to be associated with the loss of supercon-
ducting order [I7]; however, torque magnetometry [I§]
and specific heat [19] studies suggest that significant su-
perconducting correlations survive to higher fields. The
relationship to the decoupling behavior described above
remains to be resolved.

In this paper, we investigate another cuprate system.
We have recently succeeded in preparing superconduct-
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ing crystals of Lag_,Caj4,Cu204 (La-Ca-2126) of suf-
ficient size for inelastic neutron scattering experiments
[20]. Here we present a study of the anisotropic trans-
port and magnetic susceptibility for two of these sam-
ples. This system is different from Las_,Sr, CuQOy4 in that
it contains CuOs bilayers, as in YBayCusgOgy,, though
the bilayers are stacked in a centered fashion, similar to
BisSraCaCuyOgy s, as shown in Fig. a). Interpretation
of the results requires some care, as the high-pressure
oxygen annealing essential to achieving superconductiv-
ity also results in the presence of minority phases of
Las_,Ca,CuO4 and LagCugOsy. The latter compound
is an antiferromagnetic insulator, while the former occurs
as very thin intergrowths; all phases are crystallograph-
ically aligned along the ¢ axis [20, 21I]. We believe that
the segregation of these phases enhances the Ca concen-
tration of the main La-Ca-2126 phase, thus providing
sufficient hole doping to yield superconductivity.

Despite the complications, we find that application of
a c-axis magnetic field results in distinct temperatures
at which the in-plane and c-axis resistivities reach the
normal-state. The anisotropy in these transitions is quite
similar to that in the irreversibility field for magnetic sus-
ceptibility measured with the field applied perpendicular
or parallel to the ¢ axis. We interpret the resistivity re-
sults as evidence of decoupling of the superconducting
bilayers, indicating that such behavior is not unique to
single-layer cuprates.

II. EXPERIMENTAL METHODS

Crystals of La-Ca-2126 with x = 0.10 and 0.15 were
grown by the travelling-solvent floating zone method [23].
The as-grown crystals were not superconducting, but
they were converted to bulk superconductors by high-
pressure annealing in a gas of 20% Oy / 80% Ar [20].
Transmission electron microscopy (TEM) on an early
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FIG. 1. (a) Crystal structure of the Las_;Cai4+,Cu20s.
(b) As-grown Las_;Ca14,Cu20s single-crystal rods grown by
the traveling-solvent floating-zone method. (c) Laue back-
diffraction image of Las_,Cai4+,Cu20¢ single crystal with
(001) direction (c-axis) pointing along the X-ray beam. Color
points in (¢) correspond to the calculated diffraction pattern,
generated by software QLaue [22].

version of such an annealed crystal demonstrated the
presence of thin intergrowths of Lay_, Ca,CuO,4 (La-214)
[21]. Layers of La-214 were observed with thicknesses of
1.5 or 3 unit cells along the ¢ axis, which are commensu-
rate with 1 or 2 unit cells, respectively, of the La-Ca-2126
phase. Neutron diffraction confirmed the presence of the
thin La-214 layers, but, in combination with muon spin
rotation, provided evidence for thicker layers of antifer-
romagnetic LagCugOqq [20]. The volume fraction associ-
ated with the superconducting La-Ca-2126 was estimated
to be ~ 70%.

The annealed single crystals were aligned to the desired
orientations via X-ray Laue back-diffraction; the ab-plane
diffraction pattern with the c-axis pointing along the inci-
dent X-ray beam is shown in Fig. c). Then the crystals
were cut and polished into a nearly rectangular paral-
lelepiped shape, with dimensions along a x b x ¢ of either
(a) 4x 1 x 1 mm?3 or (b) 1 x1x 3 mm3 For magne-
tization measurements, the field was applied along the
long axis. For resistivity measurements, the current was
applied along the long axis, with the field always along
the ¢ axis. For each composition, at least two crystals
were prepared of type (a), and they yielded similar re-
sults. Because of difficulties preparing crystals without
cracks, only one each of type (b) was studied.

To study the magnetization and transport anisotropy,
we performed measurements on samples with both ori-
entations. The dc magnetic susceptibility measurements
were performed using a Magnetic Property Measurement
System from Quantum Design, with a superconduct-
ing quantum interference device (SQUID) magnetometer.

Electrical resistivity was measured using the in-line four-
point configuration, with an excitation current of 1 mA,
in a Quantum Design Physical Properties Measurement
System (PPMS).

IIT. SUSCEPTIBILITY MEASUREMENTS

Magnetic susceptibility measurements performed with
a field of 10 Oe for both samples are displayed in Fig.
Measurements with the field perpendicular [parallel] to
the CuO, planes are shown in Fig. 2fa) and (d) [Fig.[2|b)
and (e)]. Evidence for the compositional uniformity of
the superconducting phase in the annealed samples is
given by the sharp superconducting transitions (width
~ 5 K). A linear extrapolation of the transition re-
gion yields a magnetically-determined superconducting
transition temperature 7T}" = 54 K for both composi-
tions, slightly higher [24] than previously reported single-
crystal results |21 25H27]. For the zero-field-cooling
(ZFC) curves, 100% volume shielding would correspond
to x = 0.0126 emu g~! Oe™!; the observed response is of
this magnitude despite the fact that the volume fraction
of the La-Ca-2126 phase is just 70% [20]. The Meissner
fraction, determined by the field-cooled (FC) measure-
ments, is considerably smaller; such behavior in cuprates
is common and is typically attributed to flux pinning [26].

For comparison, magnetization measurements on a La-
Ca-2126 crystal with = = 0.1 previously grown and an-
nealed by our group had a similar 7" of 53.5 K, but
also showed a small enhancement of the diamagnetic re-
sponse below 13 K [21], 27]. That contribution might be
due to La-214 layers, which are also present in the cur-
rent samples; however, no low-temperature jumps in the
diamagnetism are apparent in Fig. [2|

We have also measured the temperature dependence
of x = M/H for a range of magnetic fields up to 7 T. A
comparison of FC and ZFC results obtained for both field
orientations on the x = 0.1 sample is presented in Fig.
the results for the = 0.15 sample (not shown) are quite
similar. Hysteresis in the magnetic response provides ev-
idence of pinning of magnetic vortices in the mixed phase
[28-30]. The irreversibility field, Hij,, which is defined as
the field that separates reversible and irreversible regions,
provides a lower limit on the loss of static vortex matter.
It is observed to be sensitive both to temperature and
to the orientation of the field with respect to the CuOs
planes. The temperature dependence of Hj, for both
field orientations is summarized in Fig. c); note that
the results for both samples are included and are nearly
identical. As shown in the figure, the irreversibility field
at any given temperature is much higher when the field
is applied parallel to the planes. In other words, it is
easier to pin vortices aligned parallel with, and centered
between, the superconducting bilayers than it is to pin
vortices that pierce the bilayers [31].

It is important to avoid confusing H;,, with the loss
of superconducting correlations. As shown in a study of
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Mass magnetic susceptibility (x = M/H) of Laj;9Ca;.1Cu20¢ (top row) and Laj.gsCai.15Cu206 (bottom row),
perpendicular to the CuO; planes or (b-c), (e-f):

parallel to the

planes. Measurements were performed both in zero-field cooling (ZFC, filled circles) and field-cooling (FC, open circles) modes.
The insets illustrate the relative directions of CuQO; planes and the magnetic filed H. The criteria to determine T," is shown

in (c) and (f).

the reversible magnetization on a similar sample of La-
Ca-2126 with = = 0.1 [27], the temperature of the onset
of diamagnetism shows very little change with fields up to
5 T, which is relatively close to what we observe for Hj,,
when the field is parallel to the bilayers. To gain further
insight into the behavior when the field is perpendicular,
we turn to the measurements of transport anisotropy.

IV. TRANSPORT MEASUREMENTS
A. Zero-field results

The resistivities measured with currents flowing in-
plane, pqp, and along the c-axis, p., are shown in Fig. a)
for both samples. We observed a metallic temperature
dependence of the resistivity in both directions. The
magnitudes of p,, and p. are comparable to those re-
ported for a superconducting crystal (7. ~ 46 K) of La-
Ca-2126 with x = 0.1 by Okuya et al. [26] (though they
are each about an order of magnitude large than the re-
sults obtained on a flux-grown crystal with = 0.13 and
T. ~ 40 K from an earlier study by Ishii et al. [25]).
Comparing with other cuprates, the magnitude of p. is
comparable to that of optimally-doped Lag_,Sr,CuQO4
[32], while lower than that of BizSroCaCusOsys [33] and
higher than that of YBagCu3Og, [34]; however, pqp is

about an order of magnitude larger than that for most

cuprates [32H36].

The anomalously large magnitude of p,; requires fur-
ther discussion. We expect that the intrinsic pg,, for our
La-Ca-2126 samples should be similar to that of other
cuprates near optimal doping. The measured quantity,
however, is impacted by the presence of other phases,
especially the LagCugOsg phase, which we expect to be
insulating [20]. While the extra phases are coherently
oriented with the main phase, the TEM study showed
that interfaces between phases can occur along in-plane
directions as well as along the ¢ axis. As a consequence,
the current path in a resistivity measurement may in-
volve detours that mix contributions from in-plane and
out-of-plane directions. Because p,; is much smaller than
pe, any current path that includes flow along the ¢ axis
causes a substantial increase in the measured result for
Pab-

These effects are also apparent when we look at an
expanded view of the superconducting transition region,
shown in Fig. b). In particular, p,; has turned down
by 7™, but it only reaches zero at 52 K. (In a single-
phase sample, the situation is usually reversed, with the
diamagnetism only starting to grow when the resistivity
reaches zero.)

In contrast to pup, the magnitude of p. is found to be
comparable to that of other cuprates. We believe this
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FIG. 3. (a) The hysteretic curves of magnetic susceptibility
versus temperature in sample Laj 9Cai.1CuzOg under an in-
plane field (H || ab) up to 7 T. (b) Similar hysteretic curves
obtained under a perpendicular field (H L ab). (c¢) The T
dependences of irreversibility field Hi.(T") in both directions
relative to the CuO2 planes for the Las_;Cai14,Cu20s (z =
0.10 and 0.15) single crystals.

is also compatible with an indirect current path. If the
current flowing along the c-axis of the La-Ca-2126 phase
hits a layer of impurity phase, the path of least resistance
may involve a detour parallel to the CuOs bilayers, before
arriving at a domain where it can once again run along
the c-axis of the main phase. Any excursions within the
planes are effectively like electrical shorts, and will not
impact the measurement of p..

It is evident from Fig. c) that the measurements of
pe cannot entirely avoid the insulating LagCugOs phase,
as there is residual resistivity below T.. For the z =
0.15 sample, p. just below T, is only ~ 1% of that in
the normal state; considering that the resistivity of the
insulating phase is much greater than that of La-Ca-2126
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FIG. 4. (a) The in-plane resistivity pqs(T) and interlayer
resistivity p.(T) of the superconducting Las_,Cait,CuzOg
single crystals. Different y-axis values are used to illustrate
the normal-state resistivity in both directions. (b) A zoomed-
in figure showing the superconducting transition near 54 K.
(¢) A zoomed-in figure showing the finite resistivity in p. at
low temperature.

in the normal state, the relative path length through the
insulator must be far less than 1%. For the z = 0.10

sample, p. drops to a much smaller but finite value at
52 K.

B. Dependence on a c-axis field

Next, we consider the impact of a c-axis magnetic field
on the temperature dependence of p,;, and p.. Measure-
ments in fields up to 7 T are presented in Fig. As
one can see, the field has only a small impact on the re-
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FIG. 5. Electrical resistivity of (a) pas and (b) p. as a func-
tion of temperature, obtained under a perpendicular field
up to 7 T. (c) Phase diagram indicating the boundaries be-
tween the normal state, 2D and 3D superconductivity of
Lai.g5Cai1.15Cu20¢. Large squares (circles) represent the
superconducting transition determined from p. (pqp) with
H || c. Small squares (circles) represent Hiyr determined from
x with H || ¢ (H L ¢).

sistive transition as measured with currents parallel to
the planes, whereas it causes a substantial reduction in
the transition temperature when the measuring current
is along the ¢ axis.

To quantify the anisotropic transition temperatures,
we have to take account of the extrinsic resistivity ob-
served in p. when pg; goes to zero. To do this, we identify
the transition in p.(T, H) as occurring when it reaches

the value of p.(T = 52 K, H = 0). With this choice,
we obtain the effective transition temperatures plotted
in Fig. [fc).

We note that there is a substantial range of tempera-
ture and field in which the bilayers appear to be super-
conducting while there is no coherent superconducting
transport between bilayers. Analysis of the magnetiza-
tion in the reversible range near the onset of diamag-
netism found evidence of 2D scaling behavior [27]. Our
results indicate that this is not just a matter of strong
anisotropy in a 3D system, but that superconductivity
actually develops within bilayers before Josephson cou-
pling can provide 3D coherence.

V. DISCUSSION

The observed field-induced decoupling of supercon-
ducting layers is similar to the field-induced behavior
found previously in Las_,Ba,CuO, with x = 0.095
[BL @. Of course, the latter was similar to the zero-
field observation of decoupled superconducting planes in
Lay_,Ba,CuO4 with z = 0.125 [12, [13]. In LBCO, the
superconductivity coexists with spin and charge stripe
order [5], and it has been proposed that a suppression of
Josephson coupling between layers is the consequence of
pair-density-wave (PDW) superconducting order [9] 37].

Could the presence of intergrowths of impurity phases
qualitatively impact our results? When the magnetic
field is applied parallel to the planes, insulating layers
would allow the field to locally penetrate the sample;
however, unless there are special pinning effects near a
surface, this should not impact the response of thick do-
mains of the La-Ca-2126 phase. In any case, it would
only impact H;,, measured with H | c. The decoupling
effect observed in the resistivity occurs for H || ¢, where
there is no obvious way for the intergrowths to impact
the anisotropic superconducting transition temperatures.

Inelastic neutron scattering measurements have been
performed on a large crystal of the La-Ca-2126 x = 0.15
sample [38]. Although no static spin order was observed
in association with the La-Ca-2126 phase, the bilayer
magnetic excitations were found to be gapless, the latter
being similar to the case of LBCO with = = 0.095 [39]
and Lag_,Sr,CuO4 with x = 0.07 [40], and suggestive
of intertwined order [I1]. It would be interesting to test
whether a c-axis magnetic field can induce spin order.

It is notable that the region of decoupled layers in
Fig. c) shows a significant correlation with the re-
gion between the irreversibility lines determined from the
magnetic susceptibility measurements with the field par-
allel to ¢ or to the planes. The irreversibility line in
near-optimal BisSroCaCusQOgys for a c-axis field is also
shifted far below the onset of diamagnetism, and there is
evidence from in-plane and out-of-plane resistivity mea-
surements for decoupling of the superconducting bilay-
ers [41, [42]. In that case, there is a substantial gap in
the spin fluctuations below T, [43] 44]; however, charge-



modulations are prevalent and enhanced by a magnetic
field [45H48]. The role of intertwined orders could provide
a common connection [I1].

VI. SUMMARY

In summary, we have presented experimental re-
sults of magnetic susceptibility and electrical resistiv-
ity measurements for superconducting single crystals
Lag_,Cay,Cuy0g with x = 0.1 and 0.15. The mag-
netic susceptibility measurements confirm the bulk su-
perconductivity in the samples, showing a narrow super-
conducting transition as well as 7" = 54 K. From the
variation of the magnetization with magnetic field, we
find that there is a large difference in the irreversibility
line depending on whether the field is applied along the
c axis or in plane. From the transport measurements,
we find that the observed pgp is larger than expected, re-
flecting the impact of two non-superconducting minority
phases that develop during the high-pressure annealing
[20]. Nevertheless, we are able to identify the resistive
superconducting transition and its dependence on the di-

rection of current flow as a magnetic field is applied along
the ¢ axis. We find that there is relatively little shift in
the transition temperature for currents flowing parallel
to the planes, but a substantial change when the cur-
rent flows between planes. Hence, there appears to be a
significant region in the phase space of temperature and
magnetic field where we have superconducting bilayers
that are decoupled from one another, and the boundaries
are close to the anisotropic irreversibility lines. These re-
sults demonstrate that the phenomenon of field-induced
decoupling of superconducting layers is not limited to
single-layer cuprates such as Las_,Ba,CuOy [3, 4] and
they raise the question of the potential role of intertwined
orders [11].
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