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Using torque magnetometry, we reveal remarkably simple universal behavior of the superconduct-
ing (SC) precursor in the cuprates by tracking the nonlinear diamagnetism above T in four distinct
compounds: single-CuOaz-layer HgBasCuQO4y4 5, Las—;Sr;CuOy4 and Biz(Sr,La)2CuOg4s, and double-
layer BiaSr2Cag.95Y0.05CuOsys. We find that SC diamagnetism vanishes in an exponential manner,
characterized by a universal temperature scale that is approximately independent of compound and
T.. We discuss the possibility that this unusual behavior signifies the proliferation of SC clusters as
a result of intrinsic inhomogeneity inherent to the cuprates.

High-T, superconductivity in the cuprates emerges
from a metallic state that exhibits unusual pseudo-
gap phenomena [1]. Omne of the pivotal open ques-
tions is how superconductivity emerges from this com-
plex state. For the extensively studied systems
LaQ,xSI‘xCuOAL (LSCO), Big(ST,L&)gCuOG+5 (Bi2201)
and YBasCu3O0g1s5 (YBCO), some experiments (Nernst
effect [2, 3], torque magnetization [4-6], photoemission
[7], infrared spectroscopy [8]) seem to indicate signatures
of superconductivity in an anomalously wide tempera-
ture range above T, in the underdoped part of the phase
diagram. Yet other experiments (microwave [9, 10], ter-
ahertz conductivity[l11-14], and specific heat [15]) reveal
signatures of incipient superconductivity only in a rela-
tively narrow temperature range above T.. Furthermore,
extensive recent work has focused on the interplay be-
tween superconductivity and other ordering tendencies,
including the possibility simultaneous appearance of su-
perconducting and charge-density-wave (CDW) fluctu-
ations relatively far above T, [l, 16]. One of the ex-
perimental problems is that it is difficult to disentangle
the SC response from other ordering tendencies, e.g, the
Nernst signal can be strongly affected by CDW fluctua-
tions [17]. Therefore, it has been challenging to reliably
establish the normal-state behavior and hence to unam-
biguously extract the SC signal. Recent nonlinear con-
ductivity [18] and paraconductivity [19] measurements
provide further evidence that traces of superconductivity
indeed vanish rapidly above 7., in an exponential fash-
ion. Such temperature dependence is incompatible with
prevailing theoretical ideas, but consistent with an inho-
mogeneous SC gap distribution, i.e., with local supercon-

ductivity above T, and with SC percolation [18, 19].

In this Letter, we use torque magnetometry to study
the precursor SC diamagnetism above T,.. Torque magne-
tometry is a thermodynamic probe with extremely high
sensitivity to SC diamagnetism, a fundamental charac-
teristic of superconductivity [20]. Upon considering the
nonlinear magnetic field dependence, we find that the SC
diamagnetism can be unambiguously disentangled from
the normal-state paramagnetism. We investigate non-
linear diamagnetism in HgBasCuOy4s (Hgl1201), LSCO,
Bi2201 and BigSI‘gcaoig5Y0.05Cu08+5 (B12201), with a
focus on the doping dependence of Hgl201 and on a
direct comparison of all four compounds near optimal
doping. Hg1201 is a model single-layer compound [21-
26] that features a simple tetragonal crystal structure,
minimal extrinsic disorder effects, and an optimal tran-
sition temperature T."** of nearly 100 K. We demon-
strate that the precursor SC diamagnetism in all four
cuprates is nearly indistinguishable, despite the dramati-
cally lower T*** values of LSCO and Bi2201 (just below
40 K [21]) and the double-layer nature of Bi2212. The
nonlinear diamagnetism follows exponential-like rather
than power-law temperature dependence on T — Ty, in a
universal (nearly compound independent) manner, in ex-
cellent agreement with the recent complementary linear
and nonlinear conductivity results [18, 19].

Hg1201 crystals were grown as previously described
[27] and annealed in oxygen rich or poor atmosphere to
achieve the desired doping levels [22]. Optimally-doped
Bi2201 (T, = 35K) and underdoped Bi2212 (T, = 90K)
crystals were grown by the traveling-solvent floating-
zone technique [21]. The quoted onset T, values for



all samples were determined from zero-field-cooled sus-
ceptibility measurements in 5 Oe magnetic field oriented
along the crystallographic c-axis. For Bi2201 and Bi2212,
p is estimated from the empirical relation T,/T"%* =
1—82.6 x (p— 0.16)2. For LSCO, we use p = .

The torque measurements were carried out with high-
sensitivity torque lever chips, using Quantum Design,
Inc., PPMS instruments. In torque magnetometry, the
magnetization M is deduced from the mechanical torque
7 = V(M x H) experienced by a crystal in a magnetic
field H. Here, pg is the permeability of free space and
V is the sample volume. The torque is measured as a
function of temperature, magnetic field, and orientation
of the sample with respect to the field direction. For a
tetragonal system such as Hg1201 (and for nearly tetrag-
onal systems such as LSCO, Bi2201, and Bi2212 [31]),
the sample orientation is parameterized by the angle 6
between H and the crystallographic c-axis. The field de-
pendence of the magnetization can be obtained either di-
rectly, through field scans at a fixed angle, or indirectly,
by observing the angular dependence of the torque in a
fixed field. In the angular scans, the linear-in-field mag-
netization (paramagnetic or diamagnetic) reveals itself
as the second harmonic in the angular dependence, 7
H?sin(20), whereas the non-linear-in-field magnetization
introduces higher harmonics. For clarity, we define the
torque susceptibility Xiorque(H,0,T) = 7/(VuoHH,) =
M./H.—M,/H,(x 7/(H?sin(26))), where H, = Hsin()
and H, = Hcos(0) are the components of H along the
crystallographic a and ¢ directions, and M, (M,) is the
magnetization component along the c-axis (in-plane) di-
rection. In the linear response regime, xtorque (1) equals
the susceptibility anisotropy x.(T") — x«(7'), and is in-
dependent of field strength and orientation of the crys-
tal. For non-linear-in-field response, such as SC diamag-
netism, Xtorque varies with H and 6.

In the normal state, at sufficiently high temperatures,
we find for all samples perfect linear-in-field paramag-
netic response in both the field and angular scans up to
14 T, the highest field of our study. Whereas pseudogap
phenomena (e.g., ¢ = 0 magnetic order [28, 29], CDW or-
der [1, 32-34], and nematic order [35, 36]) may affect the
magnitude of the paramagnetic susceptibility, the linear-
in-field paramagnetic response holds with great precision
below the respective characteristic temperatures. This
is demonstrated for Hgl201 in Fig. 1(a)-(c), both via
direct observation of the magnetization as well as via
consideration of X¢orque, and indicative of the absence of
any SC diamagnetism. In contrast to the normal-state
response, the SC diamagnetism manifests itself via the
nonlinear magnetic field dependence, even in relatively
low fields (Fig. 1(c)). For example, for a Hg1201 crystal
with T, ~ 96 K, the nonlinear magnetization in the field
scans and the higher harmonics in the angular scans are
clearly discernible below the same temperature of about
120 K (Figs. 1(a), 1(b)).

The temperature dependence of Xtorque for Hgl201,
Bi2201 and LSCO (Figs. 1(d), 2(a) and Figs. S3 and S4
in Ref. [31]) reveals two distinct behaviors above Te.. The
near-71, regime is clearly dominated by SC diamagnetism
and features an approximately exponential decay, accom-
panied by a strong non-linear field dependence of the
magnetization (Fig. 1(a)-(c)). At higher temperatures,
Xtorque €xhibits qualitatively different temperature de-
pendence and no magnetic field dependence (within our
sensitivity limit), and thus is clearly identified as normal-
state paramagnetism. Previous torque studies of LSCO
and Bi2201 [4-6] deduced SC diamagnetism by subtract-
ing an assumed high-temperature T-linear background,
X(T) = (a+ bT). This assumption yields apparent dia-
magnetism in an anomalously wide temperature range
above T, very different from early torque studies [37-39].
Our data do not support this assumption (see Fig. 1(d)).
Furthermore, we find that the nonlinear signal is present
in the entire field range of our measurements, indicated
by the continuously varying Xtorque as a function of field
(Fig. 1c). This implies that dominant linear-in-field SC
diamagnetism can only appear below the lowest field of
our measurements. Therefore, the discrepancy with the
previous torque studies is not due to the existence of a
dominant linear-in-field SC diamagnetic response in the
field range of our measurements.

Without resorting to any assumptions regarding the
paramagnetic response, we identify SC diamagnetism
from the difference (AuXtorque) Of Xtorque at two dif-
ferent fields (or, equivalently, at two different angles),
which completely removes the paramagnetic (i.e., linear
response) component and leaves only non-linear mag-
netism. This enables us to trace the SC diamagnetism
at temperatures well above T,, even when the SC sig-
nal is two orders of magnitude smaller than the high-
temperature paramagnetic magnetization. As shown
in Figs. 2(b)-(c), we find that AgXiorque exhibits a
rapid exponential decrease with increasing temperature,
AHXtorque X exp(—T/Ty), where Ty is a measure of the
temperature range over which SC traces are significant.
Figures 2(b) and 2(d) demonstrate for Hg1201 that T,
exhibits weak doping dependence from the very under-
doped (p ~ 0.07) to the overdoped (p ~ 0.18) part of the
phase diagram.

Our measurements of optimally-doped Bi2201 and
moderately underdoped LSCO reveal that the diamag-
netic response of all three single-layer compounds is
nearly indistinguishable (Figs. 2(c), 2(d), S2, S3), de-
spite the stark difference (a factor of about 2.5) in 77"**
and the prominent charge/spin stripe correlations in
x = 0.125 LSCO [1]. The universal nature of the ob-
served behavior is further demonstrated for double-layer
Bi2212 (T, ~ 90 K; Figs. 2(c), 2(d)).

These results are significant for a number of reasons.
First, they constitute an unequivocal thermodynamic de-
termination of SC emergence in the cuprates, as we ob-
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FIG. 1. Data for Hgl201. (a) Field dependence of the effective magnetic moment Miorque = XtorqueH at 8 = 45° (solid
lines) and 60° (dashed lines) for a nearly optimally doped sample OP96 (T. ~ 96K). Miorque equals the effective magnetic
moment Merr = 7/(noV Hsin(f)) defined in [4, 5] divided by cos(6). Mesr = M. — MoH./H, approximates the c-axis
magnetization M. when the in-plane magnetization M, is negligible. Unlike Mcss, Miorque is independent of angle 6 for linear
magnetism. Therefore, discrepancy of Miorque between two different angles at temperatures below 120K is a clear indication
of the appearance of nonlinear magnetism. (b) Angular dependence of the torque for OP96. The temperature is indicated by
the same colors as in (a). The deviation from the sin(26) dependence occurs below the same temperature as the onset of the
nonlinear component of Mcs¢ in (a). Dashed black lines are fits to sin(26) for 150, 120 and 110 K. (¢) Xtorque as a function of
H, for OP96, calculated from the field dependence in (a) (triangles: 8 = 45°; circles: § = 60°) and from the angular dependence
in (b) (squares: uoH = 14T). The two methods agree remarkably well, which indicates that the result is hardly affected by
H,. The contribution from the in-plane response thus is negligible, and x. dominates the nonlinear diamagnetic signal in this
temperature range. Horizontal lines at 120 K and 150 K indicate the field-independent paramagnetic contributions. (d) Xtorque
over a wide temperature range above T, for OP96 and three underdoped samples UD54, UD67 and UD81 (7. ~ 54, 67, 81
K). Xtorque is obtained with an external magnetic field poH = 14T at = 45°. At high temperature, in the normal state,
Miorque is independent of 6, and Xtorque (now equal to xec — Xxa) is independent of § and H up to at least 14 T with very good
accuracy. The vertical bars indicate the pseudogap temperature 7™ estimated from neutron scattering [28, 29] and planar dc
resistivity measurements [30]. Non-trivial temperature dependences of Xtorque (and dxtorque/dT’) are observed up to 400 K.

T(K)

Similar behavior as in (a)-(d) is observed for the other cuprates [31].

serve SC emergence directly via diamagnetism, a funda-
mental and prominent characteristic of superconductiv-
ity [20], and because our experimental approach does not
resort to any “background” estimation. Second, they in-
dicate that the emergence of superconductivity (Xtorque)
exhibits highly unusual, yet robust exponential temper-
ature dependence with a characteristic temperature Ty
that is clearly independent of T,. Contrary to the inter-
pretation of recent torque results for BisSroCaCusOgys
[6] and YBagCusOg4, [40], this behavior cannot be de-
scribed by Ginzburg-Landau theory, in which T, is the
characteristic fluctuation temperature scale and which
predicts an approximately power-law temperature depen-
dence [20]. Third, we demonstrate that the scale Ty is
universal (compound-independent). In particular, near
optimal doping, the nonlinear diamagnetic response of
all four investigated cuprate families is characterized by
exponential decay with Ty = 4 — 5 K. Fourth, this is
the case even for p = 0.125 LSCO, where stripe cor-
relations are particularly prominent, and for Hg1201 in
the p = 0.07 — 0.11 range, where CDW correlations are
prominent in this compound [32-34]. This implies that
these correlations are not directly relevant to SC emer-
gence and that they must have inadvertently affected a
number of prior results [2-7, 41]. Moreover, we note that
in quantum-critical-point scenarios, SC pairing is medi-
ated by the fluctuations of a distinct order parameter [1],
yet the observed behavior for overdoped Hg1201 near the
putative quantum critical point at p ~ 0.19 is the same as
at low doping. The extensive data for the model cuprate

Hg1201 allow us to establish that the diamagnetism at
temperatures above T, closely tracks the T,(p) dome, and
thus is unrelated to the various ordering tendencies that
appear at or below the pseudogap temperature T*(p)
[28, 29, 3234, 36], which monotonically decreases with
increasing doping. Last, but not least, the observation of
an exponential decay of the SC response with a universal
characteristic temperature scale is fully consistent with
recent nonlinear conductivity [18] and paraconductivity
[19] results. This implies the existence of an underlying
characteristic temperature (or energy scale) proportional
to Ty and independent of T.

How can we understand the unusual SC emergence?
The cuprates are lamellar, perovskite-derived materi-
als that are inhomogeneous at the nanoscale [42-48],
and even simple-tetragonal Hg1201 exhibits considerable
variation in local electric field gradients and structure
[44, 45]. These complex oxides exhibit microstructural
(“tweed” or “transformation precursor”) patterns com-
monly found in many displacive, diffusionless structural
transformations (e.g., perovskites and martensitic sys-
tems) as a result of stress accommodation. The as-
sociated mechanical strain inhomogeneity should result
in prominent electronic features, since charge and spin
degrees of freedom naturally couple to strain [42, 43].
Evidence for inhomogeneity is observed on multiple en-
ergy scales, ranging from about 0.1 €V in scanning tun-
neling microscopy (STM) to 10~7 eV in nuclear mag-
netic resonance measurements. STM demonstrates that
both the pseudogap [46-48] and the lower-energy SC gap
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FIG. 2. Universal behavior of the torque susceptibility. (&) Xtorque (H, 0, T) obtained under three different conditions for Hg1201
samples UD54, UD67, UD81 and OP96: (i) uoH = 14T, 0 = 45°; (ii) poH = 14T, 6 = 67.5°%; (iii) uoH = 8T, 6 = 45°. Devia-
tions upon approaching 7. are due to SC diamagnetism. Vertical dashed lines indicate zero-field T,.. AgXtorque can be evaluated
as either the difference between (i) and (ii), or (i) and (iii). (b) Auxtorque(T) = Xtorque(14T,45°,T) — Xtorque(14T,67.5°,T)
for Hg1201 (from (a)), normalized at 250 K, versus T — T, (1. values were obtained in the limit of zero magnetic field). Lines
in (a) and (b) are guides to the eye. (c) Comparison of AwmXtorque = Xtorque(9T,45°,T) — Xtorque(9T,67.5°,T) for slightly
underdoped Hgl201 (p = 0.118, T. = 89K), LSCO (p = = = 0.125, T, = 27K), Bi2212 (p = 0.135, T. = 90K) and optimally
doped Bi2201 (p = 0.16, T. = 35K). Solid lines are fits to an exponential behavior plus a small constant corresponding to
the sensitivity limit [31]. (d) Characteristic temperature of SC diamagnetism, Tg, vs. hole concentration for Hgl1201 (circles),
Bi2201 (square), Bi2212 (triangle) and LSCO (stars) extracted for poH. in the range 3.1-3.4 T from Xtorque < exp(T/Tq) near
T.. Ty is nearly independent of compound and decrease slightly with increasing p. Errors represent fit uncertainties [31]. The
color contour shows the magnitude of the nonlinear magnetic response 10g10(AHXtorque/ng79§§LE) for Hg1201 as a function of
T — T and p. Normalization of AgXtorque by its high-temperature value allows the comparison of samples with different hole
concentrations [31]. Ty weakly increases with increasing H., but this does not affect the observation of universal behavior.
Whereas Ty is best defined from Xtorgue, the difference Agxtorque used in Figs. 2, S2-S3 (Ref. [31]) better demonstrates the

exponential decay and gives a better estimate of the measurable extent of SC traces.

[47, 48] exhibit considerable spatial inhomogeneity. Con-
sequently, some of the spatially inhomogeneous SC gaps
“survive” in form of SC clusters at temperatures well
above T.. As the temperature decreases, these clusters
proliferate and grow in size, and eventually percolate near
T.. The emergence of superconductivity may therefore be
thought of as a percolation process, with a temperature
scale controlled by the distribution of the SC gap rather
than by T.. A recent phenomenological model based
on inhomogeneous, temperature- and doping-dependent
(de)localization of one hole per planar CuOz unit can
explain the main features of the normal-state phase di-
agram [49]. It is conceivable that the universal scale Ty
uncovered in our torque measurements corresponds to
the width of the superconducting gap distribution and
emerges via a complex renormalization of these high-
energy localization (pseudo)gaps. On the other hand,
point disorder varies from compound to compound [21],
and thus cannot be directly relevant to our observations.

Quantitative evaluation of the nonlinear torque signal

is difficult within the percolation scenario, and beyond
the scope of the present work, as it would involve the
temperature and magnetic-field dependence of the SC
gap distribution, the size distribution of the SC clusters,
and the Josephson coupling among the clusters. Never-
theless, we note that the recent conductivity measure-
ments show universal exponential behavior as well, and
that in this case the comparison with a simple percola-
tion model is greatly simplified because small isolated SC
clusters do not contribute to the conductance and large
clusters dominate the response [18, 19]. The linear para-
conductivity exhibits exponential decay with a character-
istic temperature that is nearly identical to T, from our
torque measurements [19], and both linear and nonlin-
ear (third-harmonic) conductivity can be quantitatively
described by a simple percolation model [18, 19]. This
demonstrates that the exponential temperature depen-
dence can indeed be described by a percolation process.
As noted, such a description fits well into an overarching
picture of cuprate physics, where the key element is in-



trinsic localization-gap inhomogeneity [49]. The SC gap
distribution discussed here can then be understood as a
manifestation of the same underlying inhomogeneity on
a lower, emergent energy scale.
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