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Two distinct superconducting fluctuation diamagnetisms in Bi,Sr,_,La,CuQOg;
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Superconducting fluctuations were studied through angular-dependent torque measurements on a series of
Bi,Sr,_,La,CuOg¢,s (BSLCO) single crystals. Two distinct superconducting fluctuation diamagnetisms were
observed: one is the superconducting thermal fluctuation, with a boundary close to the superconducting phase
boundary, while the other one, up to a temperature as high as about 180 K, showing maximum signal in the
sample with hole carrier density p = 0.125, could be due to preformed pairs. In addition, we observed linearly
temperature-dependent paramagnetic torque signals in BSLCO samples, possibly a result of quantum criticality

from a quantum critical point at the optimal doping.
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The study of superconducting fluctuations in cuprates
attracts a lot of interest since we may underestimate the
superconducting transition temperature 7, due to the effect
of these fluctuations. There is growing evidence for the
existence of a superconducting fluctuation signal above the
superconducting transition temperature 7, in cuprates. For
example, a large Nernst effect and diamagnetism are observed,
which suggest the presence of a vortex liquid state far above T,
[1,2]. However, specific heat measurements [3] and terahertz
spectroscopy [4] show that the fluctuations persist near 7, in
a narrow temperature range. Since reports from the literature
show remarkably different temperature ranges, a question that
remains open is the exact boundary of the superconducting
fluctuations. Some believe that, although the reported onset
temperature of superconducting fluctuations is already high
above T, this merely marks the point at which instruments lose
sensitivity in detecting phase fluctuations, which may remain
important up to the much higher pseudogap temperature [5].

Furthermore, the origin of the fluctuations is also in
debate. For example, it is claimed that the field-enhanced
diamagnetic signal M above the transition temperature T,
in BiySr,CaCu,0g45 can distinguish M from conventional
amplitude fluctuations and support the vortex scenario for the
loss of phase coherence at 7,; while in Ref. [6] it is shown
that this result can also be explained on the basis of the
conventional Ginzburg-Landau scenario. Scanning tunneling
microscopy measurements visualized nanometer-sized pairing
regions in Bi,Sr,CaCu;0gs.5 [7], thus providing microscopic
evidence for a preformed pairing origin for the fluctuating
superconducting response. Although great efforts have been
made to investigate this matter, the origin and exact boundary
of the superconducting fluctuations are still interesting but
controversial problems and require further study.

PACS number(s): 74.25.Dw, 74.25.Uv, 74.40.Kb, 74.72.Kf

Magnetic torque is a sensitive tool to detect the presence
of vortices. The angular-dependent technique has advantages
over the fixed-angle method, since it is easy to eliminate
the angular-independent background more completely, and
hence more reliable results are obtained. Moreover, one can
obtain more information about superconducting fluctuation
diamagnetism through this technique, since the Abrikosov
vortex lattice shows special angular-dependent torque behav-
ior [8]. In this paper, we investigate the superconducting
fluctuation diamagnetism through angular-dependent torque
measurements on a series of Bi,Sr,_,La,CuQOg¢,s (BSLCO)
single-crystal samples and observe a precursor supercon-
ducting state which survives up to 7.°", as high as about
180 K. Instead, the Abrikosov vortex disappears at TC/, which
is above but very close to 7.. Thus, we identify three
different regions in the superconducting phase. Region I
is characterized by superconductivity (SC) with long-range
phase coherence. In region II, the SC has lost long-range
phase coherence but Abrikosov vortices are still present. In
region III, superconducting fluctuations extends to very high
temperatures and show a maximum in the sample with carrier
density p = 0.125, possibly due to preformed Cooper pairs.
In addition, the existence of a quantum critical point (QCP)
is evidenced by a slope change of the temperature-dependent
torque curve in the paramagnetic state.

Single crystals of Bi;Sr,_,La,CuOgs, with nominal dop-
ing x = 0.1, 0.2, 0.4, 0.6, 0.7, and 0.8 were grown using the
traveling-solvent floating-zone technique [9]. The correspond-
ing hole doping concentration p is 0.19, 0.184, 0.16, 0.129,
0.115, and 0.109, according to Ref. [10]. We determine T, for
each doping using a superconducting quantum interference
design magnetometer. The temperature-dependent magnetiza-
tion measurements were done in a magnetic field H of 10 Oe,
applied parallel to the ab plane of the single crystal. The doping
dependence of the T, obtained is summarized in Fig. 1(d)
(open circles). The magnetic torque experienced by a sample
of magnetic moment M in an applied magnetic field H was
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FIG. 1. (Color online) Data for BSLCO sample with hole con-
centration p = 0.115. (a) Angular- (9)- dependent torque T measured
at temperatures 7' = 10, 18, 24, and 300 K with a magnetic field H =
9 T. Solid lines are fitting curves for the 7 = 10 K and 300 K data,
respectively. (b) At = t(0) — 1(90° — 0) vs 6 for temperatures 7 =
22,24,28,40,100,250,and 300 K. (c) At vs T forthe fixed angle 6 =
22.5°. (d) Doping dependence of characteristic temperatures 7, T(.’,
and Tsy. T, is the superconducting transition temperature obtained
from magnetization (©) and in-plane torque (®) measurements; TC/ is
the temperature up to which the Abrikosov vortices survive, extracted
from out-of-plane torque measurements(l, present work); Tsy is
the temperature up to which residual superconductivity survives,
obtained from specific heat measurements (L], Ref. [3]).

with H up to 9 T using a piezoresistive torque magnetometer
in a physical property measurement system. Both out-of-plane
and in-plane torque measurements were performed, and for
the out-of-plane rotation, the angle 6 is defined as the angle
between the magnetic field and the ¢ axis of the single
crystal.

Figure 1(a) shows 7(6) measured onthe p = 0.115 BSLCO
sample at 10, 18, 24, and 300 K with H = 9 T. The 300 K
data (blue symbols) are typical for a pure paramagnetic signal
[11] (the blue solid line is a fitting curve for 7 sin26). The
10 K data represent a typical Abrikosov vortex torque signal,
and can be well fitted (black curve) by Kogan’s model, which
is derived in the frame of the anisotropic Ginzburg-Landau

regime: ,(0) = l‘é’;’:o‘f\: #2‘25)9 ln{’;;’:(f(;i}, where V is the
sample volume, ¢ is the flux quantum, pq is the vacuum
permeability, A is the penetration depth in the ab plane, y is
the anisotropy parameter, €() = (sin’ @ + y?cos6)/2, nis a
numerical parameter of the order of unity, which accounts for
the structure of the vortex core, and H,, is the upper critical
field parallel to the ¢ axis. This equation reflects the presence
of Abrikosov vortices in an anisotropic superconductor.

The t(#) at 18 and 24 K in Fig. 1(a) incorporate both
the sin26 term and Abrikosov vortex torque signals. To
determine how the Abrikosov vortex signal evolves and the
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exact temperature at which it disappears, we get rid of the
torque of the sin26 term by asymmetrizing the 7(6) with
respect to 45°, that is, At = 7(0) — 7(90° — 6). Figure 1(b)
plots the angular () dependence of At for temperatures T
from 22 to 300 K. It is found that the amplitude of the
torque signal is getting smaller with increasing temperature
and for high temperatures (7" > 40K), At is scattered,
suggesting the vanishing of the Abrikosov vortex torque.
To determine the exact vanishing temperatures, we plot At
vs T for fixed angle 6 = 22.5°; see Fig. 1(c). Note that
At decreases with increasing temperature and vanishes at
TC/ = 32K, which is higher than the superconducting transition
temperature of this sample, 7, = 15 K, as determined by
magnetization measurements. Similar analyses were applied
to all the samples and the hole-carrier-concentration- (p)-
dependent TC/ are summarized in Fig. 1(d), where all TC/’s (m
are higher compared with the corresponding 7s (o, determined
by magnetization measurements). We also performed angular-
dependent in-plane torque measurements (data not shown)
and found that % vanishes [e, Fig. 1(d)] when approaching
T.. It is found that the T, values determined from different
measurements are consistent. As discussed in our previous
work, the vanishing of 7% actually suggests the loss of
long-range phase coherence at 7. [12].

The open squares in Fig. 1(d) are the temperatures Tsy,
determined by specific heat measurements, up to which
residual superconductivity persists [3]. TC/ and Tsy overlap in
the overdoped region, but they deviate from each other in the
underdoped region. The difference between Tsy and TL could
have three possible causes. First of all, the specific heat detects
the entropy reduction due to preformed pairing [3], which does
not determine whether the vortex system consists of Abrikosov
vortices or spontaneous vortex excitations due to residual
Cooper pairs. Second, the resolution of the specific heat may
be much lower than the torque measurements. Third, the
specific heat measurements may not be able to distinguish the
superconducting order from the charge order which is present
at p = 1/8 [13-15] in cuprates, while our angular-dependent
torque measurements are particularly for detection of vortex
excitations.

For temperatures higher than TC' , all the torque data display a
sin 260 angular dependence. Figure 2(a) shows the T -dependent
torque with H = 9 T for all doped samples from p = 0.109
to p = 0.19. Note that 1y is the coefficient before sin 26 when
the angular-dependent torque data for 7 > TC' are fitted. We
found that for all samples, the torque signal is almost linear
at high temperatures (see the dashed lines), and it shows a
sharp decrease at low temperatures due to superconducting
fluctuations. Figure 2(b) shows 79/ H vs H for the p = 0.115
sample at 7 = 100 K (blue circles) and 300 K (red diamonds).
These two temperatures correspond to the high-temperature
T-linear region and the low-temperature superconducting
fluctuation region, respectively. 7o/H at 300 K increases
linearly with H and approaches 0 at zero magnetic field, which
is a typical paramagnetic torque behavior T, H? [since
T, = 1/2(x. — ¥a)H? sin 20]. However, 79/ H at 100 K shows
different behavior, changing sign from positive to negative
when approaching zero magnetic field, which suggests that
the superconducting fluctuation diamagnetism dominates at
low magnetic field.
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FIG. 2. (Color online) (a) Temperature- (7')- dependent out-of-
plane torque 7y for BSLCO samples with p = 0.109, 0.115, 0.129,
0.16, 0.184, and 0.19. The dashed lines are linear fits of the
high-temperature part of the torque data. (b) Magnetic field (H)
dependence of 7p/ H at T = 100 K (blue solid circles) and 300 K (red
solid diamonds) for the BSLCO sample with p = 0.115. (c) and (d)
are the p dependence of the zero-temperature torque A, and the slope
S, respectively, which are the fitting result for the high-temperature
part of the torque data in the fitting function 7o = Ay + ST.

We fit the the high-temperature 79 with 79 = Ag + ST
and plot the p dependence of the intercept Ay and slope
S in Figs. 2(c) and 2(d), respectively. It was found that
Ap shows a linear behavior with p [Fig. 2(c)] which gives
Ao o (p — 0.01); while the slope S « (p — p*) with p* =
0.159 £0.01 changes sign with increasing doping, from
positive to negative, and for the p = 0.16 sample, the slope
is zero [Fig. 2(d)]. The linear temperature dependence of
the torque in the high-temperature region could be a result
of quantum criticality. The reason is the following. Torque
is associated with the free energy F of the system, that is,
T = —d F/d6. The quantum critical scaling for the free energy
F indicates that F is of the order of the thermal energy kzT
per correlated volume & d (where kp is the Boltzman constant,
& is the correlation length, and d is the spatial dimension),
thatis, F ~ kgT& 4 ~ kgT(p — p*)*? (see Ref. [16]), where
p is the tuning parameter, p* is the quantum critical point,
and v is the correlation-length exponent. In our case, F(T) «
T T(p — p*). So we have dv = 1. For the case of d = 2,
it follows that v = 1/2, which is consistent with the standard
Hertz-Millis-Moriya type of quantum criticality [17]. So the
high-temperature torque data suggest that the QCP at the
optimal doping dominates the thermodynamics in the high-
temperature region. The presence of a QCP at optimal doping
in BSLCO is also evidenced by Hall effect [18] and resistivity
[10] measurements. The quantum phase transition at the exact
location of p that maximizes 7, might be a universal feature
of cuprates [19,20]. Our torque measurement results show that
quantum fluctuations from this QCP dominate thermodynamic
properties up to surprisingly high temperature.

Note that linear temperature- (7')- dependent suscepti-
bility was previously observed [21] in BiySr,CaCu,0Og.ys,
and was attributed to Pauli paramagnetism, xp =
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FIG. 3. (Color online) Phase diagram for the hole carrier density
p vstemperature 7 for BSLCO. Region I is the superconducting phase
with long-range phase coherence. Region Il is the superconducting
thermal fluctuation region. Region III is the region where the
superconduction fluctuation is from preformed pairs. The intensity
of |t,.| is plotted on a logarithmic scale and shows a maximum at
p = 0.125 for all the temperatures in region III.

;L% fooo(—df/dE)g(E)dE, where g(FE) is the density of state
(DOS) and f is the Fermi function. xp is temperature
independent if the smearing of the Fermi surface due to finite
temperature is ignored; however, if temperature is included,
there will be a small correction term which is proportional
to T2. Since xp reflects the thermally averaged DOS near
Ep, the observed abnormal linear T dependence of xp can
be explained by the anomalous energy-dependent DOS and its
doping evolution [21,22]. In our case of BSLCO, the linear
T -dependent susceptibility behavior could be due to quantum
criticality affecting the DOS.

We did further analysis by subtracting the high-temperature
linear part in the data of Fig. 2(a) to obtain the torque 7., which
has a negative value below a characteristic temperature 7,°"",
The negative value suggests the presence of a superconducting
diamagnetic signal [1]. For T below T°™¢, but above T, we
plot |z, | as a contour plot in the temperature-doping (7-p)
phase diagram of BSLCO (see Fig. 3, where data points with
the same color have the same value of |z.|).

From the different characters of our torque data, we found
that the superconducting phase has three different regions I,
II, and III, shown with colors in Fig. 3. Region I (green) is
the superconducting phase with long-range phase coherence.
Region II (blue) gives the upper boundary of TC' , as determined
in Fig. 1(d). The vortex matter in region I1 is still well described
by the Ginzberg-Landau theory, although the superconductor
has lost long-range coherence. Therefore, the superconducting
fluctuation in the vicinity of the critical temperature (region
II) can be described within the framework of Ginzberg-
Landau theory: thermodynamic fluctuations give rise to the
superconducting effect for (/%) # 0 although (y) = 0, where
Y is the classical bosonic field in Ginzberg-Landau theory [23].

A diamagnetic signal from superconducting fluctuations
is also observed in region III (the gray region). In this
region, the diamagnetic signal is different from the one
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in region II, since the former can be fitted by a sin26
dependence while the latter can be fitted by Kogan’s model. In
addition, it shows the strongest superconducting diamagnetism
fluctuation (largest |z, |) at p = 0.125 for all temperatures
T > TC’, while for superconducting thermal fluctuations, the
strongest diamagnetism fluctuation should be present at the
doping level which maximizes 7,. Since the strongest stripe
pattern was also observed at p = 0.125 in cuprates [24], this
suggests the close relationship between the superconducting
fluctuation diamagnetism and the stripe order. This obser-
vation is consistent with the result from scanning tunneling
microscopy experiment that the striped state at p = 0.125
comes from preformed uncondensed Cooper pairs forming
spin-charge ordered structures [25]. Therefore, the supercon-
ducting diamagnetism fluctuation in region III could be from
preformed uncondensed Cooper pairs. This may suggest that
a different type of vortex excitation, probably spontaneous
vortex excitation, is present in region III, not the conventional
Abrikosov vortex [26].

In summary, we identified two distinct superconducting
flucutation diamagnetisms above 7, by angular-dependent
torque measurements: superconducting thermal fluctuations

PHYSICAL REVIEW B 90, 214511 (2014)

up to T; in region II and superconducting fluctuations from
preformed pairs up to 7™ in region III. The observation
of two distinct superconducting fluctuation boundaries may
reconcile the discrepancies regarding the origin and the exact
boundary of the fluctuations since the different techniques may
be sensitive to one type of fluctuation but not the other. In ad-
dition, we show that the quantum criticality from the quantum
critical point in an optimally doped BSLCO sample could give
the linearly temperature-dependent paramagnetic torque.
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