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‘We show in-plane and out-of-plane angular dependent torque data on underdoped Bi,Sr; 4Lag ¢CuOg, s single
crystals. We find that the superconducting signal persists well into the normal state, at least up to twice the
zero-field superconducting transition temperature 7,. The superconductivity is highly anisotropic below T,
while its anisotropy decreases significantly just above T,o. In this latter 7 regime the Cooper pairs lose their

long-range phase coherence.
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I. INTRODUCTION

The mechanism of high transition temperature supercon-
ductivity in cuprates is not fully understood after more than
twenty years from their discovery. The origin of the pseudogap
and its relationship to the superconducting gap are believed to
hold the key to the understanding of this mechanism. However,
it is still an issue of intense debate whether the pseudogap and
superconducting gap have same origin, or whether they are
two competing order phases.'

On one hand, it is thought that the pseudogap phase
is a precursor of some hidden ordered state and that its
fluctuations are responsible for the pairing of cuprates,” which
makes the cuprates similar to the heavy fermion, organic,
and iron based superconductors. NMR measurements on
Bi;Sr;_,La,CuQOg¢,s (Ref. 3) and angle-resolved photoemis-
sion spectroscopy measurements on BiySr,Caj_, Y,Cu,Og
(Ref. 4) have suggested that the pseudogap and superconduct-
ing gap are two coexisting matters.

On the other hand, there is growing evidence for the pres-
ence of vortices in the pseudogap region of underdoped cuprate
superconductors, indicating that the superconducting gap sur-
vives above the zero-field superconducting transition tempera-
ture T, while phase fluctuations in the pseudogap state destroy
the long-range phase coherence of the Cooper pairs. For
example, high-frequency conductivity measurements on un-
derdoped Bi;Sr,CaCu,0g.5 (Ref. 5) and angular magnetore-
sistivity measurements on underdoped Y;_,Pr,Ba;Cu3;O0;_;
(Refs. 6 and 7) have shown that the motion of vortices persists
above the zero-field superconducting transition temperature
T.o. Vortexlike excitations and the onset of superconducting
phase fluctuations at temperatures as high as 150 K were
observed in underdoped La,_,Sr,CuQO,; by Nernst effect
measurements.® Magnetic imaging of La,_,Sr,CuOy4 thin
films has revealed inhomogeneous magnetic domains that per-
sistup to 80 K, while T, of the films is only ~18 K, suggesting
the existence of diamagnetic regions that are precursors to the
Meissner state.’ A field enhanced diamagnetic signal, which is
associated with the existence of superconductivity, is observed
in Bi;Sr,CaCu,0g,5 above T, (Ref. 10). Specific heat
measurements reveal evidence of residual superconductivity
in underdoped Bi,Sr,_,La,CuQOg,s far above T,y (Ref. 11).
Very recent high field (up to 45 T) specific heat measurements
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on YBa,Cu30g 56 show that the magnetic field H dependence
of the quasiparticle density of states follows an /H behavior
that persists smoothly through 7., well into the magnetic field
induced resistive state.'?

In contrast to transport measurements, such as conductivity
and the Nernst effect, torque is both a thermodynamic and a
bulk measurement. It is a sensitive tool to probe the symmetry
of the superconducting energy gap and the anisotropy of super-
conductivity. This motivated us to perform angular dependent
torque measurements of underdoped Bi,Sr;4LageCuQOg.s
single crystals both below and above T, in order to obtain
further insight into the nature of superconductivity and vortex
matter in the pseudogap region. Our out-of-plane torque
data show that a diamagnetic signal persists into the normal
state up to about 50 K, a temperature twice as high as
T.0 = 25 K, while the pseudogap temperature is much higher,
ie., 200 K. These data also show that the anisotropy y
of this system is strongly temperature 7 dependent, with
large values (y ~ 100) at low temperatures, confirming the
two-dimensional (2D) nature of superconductivity in this
system below T, and small values (y ~ 1) just above T,
indicating that superconductivity becomes weakly anisotropic
in this latter T range; y = /m¥/m?*, where m? and m’, are the
effective masses along the ¢ and a crystallographic directions,
respectively. Our in-plane torque measurements confirm that
the Cooper pairs lose their long-range phase coherence above
T.o. These results could suggest that the Cooper pairs are
localized above T, in small regions of the single crystal that
is consistent with the scenario of competing orders between
the pseudogap and superconducting phases.

II. EXPERIMENTAL DETAILS

Single crystals of underdoped Bi,Srj 4Lag¢CuQOg,s were
grown using the traveling-solvent floating-zone technique.'?
The zero-field superconducting transition temperature 7, =
25 K for the crystal for which data are reported here. We
determined this value from the 7-dependent magnetization
M measurement done in a 10 Oe applied magnetic field H
(see open symbols in Fig. 1). The in-plane and out-of-plane
angular-dependent torque was measured over a wide range of
temperatures and in applied magnetic fields up to 14 T by using
a piezoresistive torque magnetometer. The contributions of the
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FIG. 1. (Color online) Temperature T dependence of 7%/ H? (¢
is the out-of-plane torque), measured in an applied magnetic field
H =2,4,6,8,10,12,14 T, and of magnetization M measured at 10 Oe
on a Bi,Sry 4Lag ¢CuOg 5 single crystal. Inset: Angular 6 dependent
79 measured at 20, 26, and 80 K and 14 T.

gravity and puck to the total torque signal were measured and
subtracted from it as discussed elsewhere.'* The angles 6 and
¢ are the angles between H and the crystallographic ¢ axis
(inset to Fig. 1) and a axis [inset to Fig. 4(a)], respectively, of
the single crystal.

III. RESULTS AND DISCUSSION

A. Out-of-plane torque measurements

We show in the inset to Fig. 1 angular 6 dependent
out-of-plane reversible torque 7% data measured in 14 T and
at 20, 26, and 80 K. The 80 K data show the typical angular
dependence of the paramagnetic torque 7;°(6), with the am-
plitude reflecting the anisotropy between the susceptibilities
Xc and x,, along the ¢ and a axes, respectively, since

ac _XC_X

£ H?sin 26. (1)
As shown later, the 26 K data incorporate both 7,°(6) and
the torque signal 7;(#) due to superconductivity. This latter
torque signal is given by the Abrikosov vortex matter in an
anisotropic superconductor;'>!® hence it reflects the presence
of vortices and the anisotropy of superconductivity. The
angular dependence of the 20 K torque is typical of 74°(6),
implying that the paramagnetic signal is negligible at this
temperature (i.e., T, <K 75).

In order to reveal the paramagnetic and diamagnetic
contributions to the measured torque and to be able to separate
these contributions, we plot in Fig. 1 the T dependence of
reversible 7¢¢/H? (solid symbols), measured at § = 45° [for
which sin(260) = 1 in Eq. (1)] and in fields up to 14 T. Notice
that 7%/H? is negative and its magnitude decreases with
increasing H for low temperatures, which is typical of the
torque signal due to superconductivity. At higher temperatures,
7%/ H? becomes positive and the data overlap for different H
values. This higher temperature regime corresponds to a pure
paramagnetic state, with only paramagnetic torque 7, present.
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FIG. 2. (Color online) Angular 6 dependent torque due to
superconductivity 7, measured at 14 T and at temperatures

(@ T < Ty (10,20 K) and (b) T > T, (24,26,30,40 K). Inset to
(a): T dependence of anisotropy parameter y .

The dashed line shows the T dependence of (x. — x,)/2 in this
pure paramagnetic state [see Eq. (1)], while its extrapolation
to lower temperatures facilitates the determination of the
paramagnetic torque at these temperatures. Also notice that
the temperatures at which the pure paramagnetic region sets
in are much higher than 7.

We plot in Figs. 2(a) and 2(b) 7,%(9) that we obtained from
the torque data measured at 14 T and temperatures below
and above T, respectively, after subtracting the paramagnetic
torque determined as just discussed. Notice that the 10 and
20 K torque signals first increase in magnitude with increasing
angle, they display a sharp peak for 6 very close to 90°,
and then they are symmetric with respect to zero, reversing
sign for 6 just above 90°. This is a typical behavior of the
torque in the mixed state of an extremely anisotropic, hence
a 2D superconductor, with a large anisotropy parameter y;
the supercurrents are confined in this case to the ab plane
of the crystal and the magnetic moment produced by these
supercurrents can only be parallel or antiparallel with the ¢
axis of the crystal, giving rise to the jump and sign reversal in
the torque signal when the applied magnetic field is in the ab
plane, i.e., it makes an angle of 90° with the ¢ axis.!”
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In less anisotropic superconductors, the change in sign in
7.°(6) produces a more rounded peak which is at 8 < 90°
(Ref. 17). Notice that this is the case for our torque curves
measured at T > T,y [Fig. 2(b)], with the peak becoming
broader and its position (indicated by the arrow) shifting
toward 45° as the temperature increases; overall, the shape of
these curves changes toward a sin 26 dependence. We discuss
the reason for this evolution in the angular dependence of these
torque data below. In conclusion, the similar overall behavior
of the torque data of Figs. 2(a) and 2(b) indicates that vortices
are also present above Ty, while the evolution of the shape
of these curves with increasing temperature shows a substan-
tial decrease in the anisotropy of superconductivity at and
above T.

We were able to obtain the specific values of the anisotropy
at different temperatures by fitting the torque data with
the following expression for the torque of an anisotropic
superconductor: '

HV y?—1sin26 H,
rae(g) = Yy~ Lsin ln{V” 62}, @

16T wor2 vy €(9) He(9)

where V is the volume of the sample, o is the vacuum
permeability, A is the in-plane penetration depth, €(0) =
(sin?@ + y?cos?0)!/2, i is a numerical parameter of order
unity, and H,, is the upper critical field along the c axis. Such
fits of the torque data of Fig. 2(a) give very large values for y
(y = 100 +40 at 10 K and 30 +£ 2 at 20 K), while fits of the
data of Fig. 2(b) give values of y that are substantially smaller
[see inset to Fig. 2(a)]. The large y values measured in the
mixed state are consistent with previous torque measurements
on Bi,Sr,_,La,CuOg,s single crystals'® and show that the
superconductivity and vortex matter below T, = 25 K are,
indeed, 2D, while the small values of y above T, point toward
a much smaller anisotropy of superconductivity and vortex
matter. Equation (2) shows that 7 o sin 26 for y ~ 1. This
explains why the shape of the torque curves approaches sin 26
as the temperature increases above T,y where y approaches 1.

The consistency of the above analysis of the torque data
of Figs. 2(a) and 2(b) with Kogan’s model'> and especially
the excellent fit of the data of Fig. 2(b) (measured above T,()
with this model, despite the fact that it is meant to describe the
behavior of the torque for H,; < H < H,,, are evidence of
much larger values for the actual H,, for this system. In fact,
for optimally doped Bi,Sr,CaCu,0s.s, which also shows the
presence of vortices above Ty, the estimated H,, is 200 T
at 35 K and 90 T (instead of going to zero) at T,p = 86 K
(Ref. 10).

Anisotropic or spatially textured electronic states are
present in unconventional superconductors as a result of
competing interactions or competing orders, which lead to
textured superconductivity above the bulk superconducting
transition temperature T,y (Ref. 19). Therefore, in the case
of a 2D normal-state electronic structure, as reported for the
underdoped (Bi,Pb),(Sr,La),CuOg,s samples,”® one expects
an anisotropic superconductivity at least just above T,y or
even at higher temperatures. However, this is not the case
based on the present experimental results of the y values.
This leads us to speculate that, due to competing pseudogap
and superconducting orders,* superconductivity above T,
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FIG. 3. (Color online) Temperature 7' dependence of diamag-
netic magnetization Ma, {Mg. = 12°/[H sin(w/4)]} measured in
a magnetic field H = 2,4,6,8,10,12,14 T. The dashed line shows
the zero-field superconducting transition temperature T,o. Inset: H
dependent My;, measured from 20 to 80 K.

“survives” in regions where the pseudogap order is locally
suppressed. This gives rise to small superconducting islands
above T in the pseudogap region, with an incoherent state
for both the ab plane and ¢ axis, hence with an anisotropy y
approaching 1.

We show in Fig. 3 the T-dependent diamagnetic mag-
netization Mg;, = 7 (w/4)/[H sin(r /4)], obtained from the
measured reversible torque t“(77 /4) after subtracting the para-
magnetic torque. We note that Mg, = v /[H sin(r/4)] =
M.—M,, (M, and M,, are the ¢ and ab components,
respectively, of the diamagnetic magnetization) since 73 (0) =
MxH= M_.H sin6 — M,, H cos 8. For highly anisotropic
superconductors (y > 1), |M.| is much larger than |M,;];
therefore Mg, reflects the diamagnetic signal of supercon-
ductivity in the ¢ direction, while for a superconductor with
small anisotropy (y ~ 1), the contribution of M, is not
negligible, so Mg, = M. — M. Generally, |M.| > |Mgl;
therefore, Mg;, is negative. Hence, a negative My, extracted
from torque measurements is evidence of the presence of
superconductivity. The fact that a negative My;, persists up to
a temperature 7 &~ 50 K = 2T, shows that superconductivity
persist to temperatures well above 7.

Furthermore, the H dependence of Mg;, changes exactly at
T,o (see the main panel and the inset to Fig. 3). Specifically,
the magnetic field suppresses the diamagnetic signal below
T.0, while it enhances the diamagnetism above T,. This
field-enhanced diamagnetism is similar to a previous report
on underdoped Bi;Sr;Ca,CuOsg,s (Ref. 10). It has been
shown theoretically that such an abnormal field-dependent
magnetization is due to the contribution of thermal distortions
of vortices to the free energy.>' Nevertheless, this theoretical
work does not take into account that the anisotropy of su-
perconductivity decreases significantly above T,y. Therefore,
this change of Mg;,(H) behavior at T,y could also be a
result of the dimensional change of superconductivity at 7T,.
Below T the superconductivity is 2D-like so Mg, = M, and
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it is suppressed by an applied magnetic field. Above T,
superconductivity is much less anisotropic, M,, cannot be
neglected, so Mg, = M, — M,;, and hence it could lead to a
different field-dependent behavior.

B. In-plane torque measurements

Until now we have shown through out-of-plane torque data
measured on BiySr; 4LagsCuOgys that superconductivity and
vortices persist into the normal state inside the pseudogap
region, which extends up to about 200 K for this particular
doping level.> We next determine if there is a long-range
phase coherence between the Cooper pairs above T,y through
in-plane torque measurements. These measurements were
previously successfully used to probe the symmetry of the
superconducting gap,'*?>?% thus giving the phase correlation
between the Cooper pairs. Torque is a bulk measurement
so it provides information on the order parameter of the
bulk, not only the surface. It also directly probes the nodal
positions on the Fermi surface with high angular resolution
since torque is the angular derivative of the free energy (F),
ie., 1(p) = —0F(p)/d¢.

We plot in Fig. 4(a) and the inset to Fig. 4(a) the angular ¢
dependent torque data measured in different applied magnetic
fields up to 14 T at temperatures of 15 to 20 K and for 25
K (at T,y), respectively. The amplitude of the torque signal
decreases as the temperature approaches T,y and eventually
the signal is scattered around zero for T > T,¢. The solid line
in Fig. 4(a) is a fit of the torque data measured at 15 K and
14 T with 7% = 15 5in2(¢ — my) + 14 sin4(¢ — my), where
Ty, T4, My, and my are the four fitting parameters. Notice
that the fitting curve follows the general trend of the data,
but clearly there are other terms missing from this fitting
expression.

We show in Figs. 4(b) and 4(c) the magnetic field de-
pendence of these four fitting parameters extracted by fitting
the in-plane torque data measured at 15 K and in magnetic
fields up to 14 T. Notice that both 7, and 74 increase with
increasing H up to 14 T. A small misalignment between the
magnetic field and the ab plane of the single crystal could
give a two-fold symmetry term, i.e., a sin2(¢ — @) term.>*
However, Fig. 4(c) shows that both m, and m4 increase with
increasing H, but their difference Am = m4 — m, = 45° over
the whole measured field range. This lock-in phase of m, and
my4 suggests that both the two-fold and four-fold symmetries
are intrinsic, are due to superconductivity, and have the same
nature, excluding the misalignment scenario for the two-fold
symmetry term.

The four-fold symmetry of the torque measured in the
superconducting state reflects the gap symmetry, which is
determined by the direction of the diamagnetic magnetization
M (Refs. 14,22, and 23). Since ¢ gives the direction of H and
since M and H are in opposite directions only for large H val-
ues, only parameters my4 of the four-fold symmetry extracted by
fitting in-plane torque data measured in high H give the correct
nodal positions of the superconducting gap. Notice from
Fig. 4(c) that m4 approaches 45° while m, approaches zero
at large H values, which gives 1% = 1, sin2¢ — 74 sin 4¢.
This four-fold symmetry of the torque corresponds to the
dy>_» wave symmetry of the superconducting gap, which
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FIG. 4. (Color online) (a) In-plane angular dependent torque 7%
measured at a temperatures 7 = 15,20,25 K and in an applied
magnetic field of 4 and 14 T. The solid line is a fit of the
data with 1 = 1,5in2(¢ — m») + 14 sin4(p — my4). Right inset:
Magnetic field H is rotated in the ab plane and makes an angle
@ with the a crystallographic direction. Left inset: 7% measured at
T =T, =25Kand4T. (b)and (c) are the field H dependent 7, and
74, and m, and my, respectively.

is already agreed upon for cuprates, since it has a —sin4¢
angular dependence.'* Furthermore, it reflects the existence
of a long-range phase coherence between the Cooper pairs in
this system. The zero amplitude of the in-plane torque above
T,o shows that the Cooper pairs lose their long-range phase
coherence at these temperatures.

There are two possibilities for the additional two-fold
symmetry of the in-plane torque below Ty, which we believe is
intrinsic. One possibility is that an s wave symmetry is present
in the mixed state of this system, besides the d,>_,» wave
symmetry. Another possibility is that it reflects the broken
four-fold rotation symmetry (due to stripe or nematic order)
associated with the pseudogap phase.??>

IV. CONCLUSIONS

In summary, superconductivity persisting up to tem-
peratures as high as twice the zero-field superconduct-
ing transition temperature 7,y is observed in underdoped
Bi,;Sry 4LagsCuOgys single crystals through out-of-plane
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torque measurements. Below T,y the superconductivity is
2D-like and there is long-range phase coherence between the
Cooper pairs. Above T, the superconductivity has a much
smaller anisotropy, which could be due to the fact that the
Cooper pairs are localized in small regions, and they lose
their long-range phase coherence. Our findings show that
superconductivity above and below T is of a different nature.
Our results are consistent with the scenario of competing
orders between the pseudogap and superconducting phases.
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