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Using torque magnetometry, we reveal remarkably simple universal behavior of the superconducting (SC)
precursor in the cuprates by tracking the nonlinear diamagnetism above 7 in four distinct compounds: single-
CuO,-layer HgBa,CuOys, La,_,St,CuO4 and Bi,(Sr,La),CuOg s, and double-layer Bi,SryCag 95 Y0,05Cu,Og ps.
We find that SC diamagnetism vanishes in an exponential manner, characterized by a universal temperature scale
that is approximately independent of compound and 7.. We discuss the possibility that this unusual behavior
signifies the proliferation of SC clusters as a result of intrinsic inhomogeneity inherent to the cuprates.

DOI: 10.1103/PhysRevB.99.214502

I. INTRODUCTION

High-T, superconductivity in the cuprates emerges from
a metallic state that exhibits unusual pseudogap phenomena
[1]. One of the pivotal open questions is how superconduc-
tivity emerges from this complex state. For the extensively
studied systems La,_,Sr,CuO4 (LSCO), Biy(Sr,La),CuOg
(Bi2201), and YBa;Cu30¢4s (YBCO), some experiments
(Nernst effect [2,3], torque magnetization [4—6], photoemis-
sion [7], infrared spectroscopy [8]) seem to indicate signatures
of superconductivity in an anomalously wide temperature
range above T, in the underdoped part of the phase diagram.
Yet other experiments (microwave [9,10], terahertz conduc-
tivity [11-14], and specific heat [15]) reveal signatures of
incipient superconductivity only in a relatively narrow tem-
perature range above T.. Furthermore, extensive recent work
has focused on the interplay between superconductivity and
other ordering tendencies, including the possibility of a simul-
taneous appearance of superconducting and charge-density-
wave (CDW) fluctuations relatively far above 7, [1,16]. One
of the experimental problems is that it is difficult to dis-
entangle the SC response from other ordering tendencies,
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e.g., the Nernst signal can be strongly affected by CDW
fluctuations [17]. Therefore, it has been challenging to reliably
establish the normal-state behavior and hence to unambigu-
ously extract the SC signal. Recent nonlinear conductivity
[18] and paraconductivity [19] measurements provide fur-
ther evidence that traces of superconductivity indeed vanish
rapidly above T, in an exponential fashion. Such temperature
dependence is incompatible with prevailing theoretical ideas
but consistent with an inhomogeneous SC gap distribution,
i.e., with local superconductivity above 7, and with SC
percolation [18,19].

In this paper, we use torque magnetometry to study the
precursor SC diamagnetism above 7. Torque magnetometry
is a thermodynamic probe with extremely high sensitivity to
SC diamagnetism, a fundamental characteristic of supercon-
ductivity [20]. Upon considering the nonlinear magnetic field
dependence, we find that the SC diamagnetism can be unam-
biguously disentangled from the normal-state paramagnetism.
We investigate nonlinear diamagnetism in HgBa,CuOg4.s
(Hg1201), LSCO, B12201, and BiQSI‘QCaO.g5Y0.05CU20g+5
(Bi2212), with a focus on the doping dependence of Hg1201
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 transition
temperature 7,"** of nearly 100 K. We demonstrate that the
precursor SC diamagnetism in all four cuprates is nearly
indistinguishable, despite the dramatically lower 7,"** val-
ues 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 7 — T, in a universal (nearly compound

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.99.214502&domain=pdf&date_stamp=2019-06-10
https://doi.org/10.1103/PhysRevB.99.214502

G.YUetal. PHYSICAL REVIEW B 99, 214502 (2019)

.,,,_"0H=14T 150 K

o

(A/m)
(arb. units)
(x 107 emu/g)

M
torque
Xtorque

o
o

Xtorque

B 14T 6 scan
A 45 Hscan
© 60 Hscan

0
0 50 100 150 -10 -5 0 5 10 50 100 150 200 250 300 350
0 1gH, () T (K

FIG. 1. Data for Hg1201. (a) Field dependence of the effective magnetic moment Miyrque = Xiorque! at @ = 45° (solid lines) and 60° (dashed
lines) for a nearly optimally doped sample OP96 (7. &~ 96 K). Mqq.. equals the effective magnetic moment M = 7/(1oV Hsin(9)) defined in
[4,5] divided by cos(0). My = M. — M,H./H, approximates the c-axis magnetization M, when the in-plane magnetization M, is negligible.
Unlike Mefr, Miorque s independent of angle 6 for linear magnetism. Therefore, the discrepancy of Miyqu. between two different angles at
temperatures below 120 K 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(20) dependence occurs below the same temperature as the
onset of the nonlinear component of M gque in (a). Dashed black lines are fits to sin(26) for 150, 120, and 110 K. (¢) Xiorque as a function of H,
for OP96, calculated from the field dependence in (a) (triangles: 6 = 45°; circles: 6 = 60°) and from the angular dependence in (b) (squares:
noH = 14 T). 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) Xiorque OVer a wide temperature range above T, for OP96 and three
underdoped samples UD54, UD67, and UD81 (T, ~ 54, 67, 81 K). Xorque is Obtained with an external magnetic field uoH = 14 T at 6 = 45°.
At high temperature, in the normal state, Mo;que is independent of 8, and Xorque (nOW equal to x. — x,) 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 [35,36] and planar
dc resistivity measurements [42]. Nontrivial temperature dependences of Xiorque (and d Xiorque/dT) are observed up to 400 K. Similar behavior

as in (a)—(d) is observed for the other cuprates [28].

independent) manner, in excellent agreement with the re-
cent complementary linear and nonlinear conductivity results
[18,19].

II. EXPERIMENTAL DETAILS

Hg1201 crystals were grown as previously described [27]
and annealed in an oxygen rich or poor atmosphere to achieve
the desired doping levels [22]. Optimally-doped Bi2201
(T. = 35 K) and underdoped Bi2212 (7, = 90 K) crystals
were grown by the traveling-solvent floating-zone technique
[21]. The quoted onset T, values for all samples were deter-
mined from zero-field-cooled susceptibility 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 = x.

The torque measurements were carried out with high-
sensitivity torque lever chips, using Quantum Design, Inc.,
PPMS instruments. In torque magnetometry, the mag-
netization M is deduced from the mechanical torque
T = Vuo(M x H) experienced by a crystal in a magnetic
field H. Here, uo 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 Hgl1201 (and for nearly tetragonal systems such as
LSCO, Bi2201, and Bi2212 [28]), the sample orientation is
parameterized by the angle 6 between H and the crystallo-
graphic c-axis. The field dependence of the magnetization
can be obtained either directly, 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 magnetization (paramagnetic or diamagnetic)
reveals itself as the second harmonic in the angular depen-
dence, T o« H?sin(26), whereas the non-linear-in-field mag-
netization introduces higher harmonics. For clarity, we define
the torque susceptibility Xiorque (H, 0, T) = ©/(V uoHH,) =
M./H. — M,/H,(x t/(stin(ZO))), where H, = Hsin(9)
and H, = Hcos(6) are the components of H along the crys-
tallographic a and c directions, and M. (M,) is the magne-
tization component along the c-axis (in-plane) direction. In
the linear response regime, Xiorque (') €quals the susceptibility
anisotropy x.(T') — x,(T) and is independent of field strength
and orientation of the crystal. For non-linear-in-field response,
such as SC diamagnetism, Xorque Varies with H and 6.

III. RESULTS

In the normal state, at sufficiently high temperatures, we
find for all samples perfect linear-in-field paramagnetic re-
sponse in both the field and angular scans up to 14 T, the
highest field of our study. Whereas pseudogap phenomena
(e.g., g = 0 magnetic order [35,36], CDW order [1,37-39],
and nematic order [40,41]) 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 Hg1201
in Figs. 1(a)-1(c), both via direct observation of the magneti-
zation as well as via consideration of Xiorque, 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
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FIG. 2. Universal behavior of the torque susceptibility. (a) Xiorque(H, €, T') obtained under three different conditions for Hg1201 samples
UD54, UD67, UDS81, and OP96: (i) uoH =14 T, 6 = 45°; (ii)) uoH = 14T, 6 = 67.5°; (iii) uoH = 8 T, 6 = 45°. Deviations upon
approaching T, are due to SC diamagnetism. Vertical dashed lines indicate zero-field 7.. Ay Xiorque Can be evaluated as either the difference
between (i) and (ii) or (i) and (iii). (b) Ax Xiorque(T) = Xiorque(14 T, 45°, T') — Xiorque (14 T, 67.5°, T) for Hg1201 [from (a)], normalized at
250 K, versus T — T, (T, values were obtained in the limit of zero magnetic field). Lines in (a) and (b) are guides to the eye. (c) Comparison
of Ag Xiorque = Xiorque (9 T, 45°, T) = Xiorque(9 T, 67.5°, T') for slightly underdoped Hg1201 (p = 0.118, 7. = 89 K), LSCO (p = x = 0.125,
T. = 27 K), Bi2212 (p = 0.135, T, = 90 K), and optimally doped Bi2201 (p = 0.16, T. = 35 K). Solid lines are fits to an exponential behavior
plus a small constant corresponding to the sensitivity limit [28]. (d) Characteristic temperature of SC diamagnetism, 7, vs hole concentration
for Hg1201 (circles), Bi2201 (square), Bi2212 (triangle), and LSCO (stars) extracted for poH, in the range 3.1-3.4 T from Xiorque ¢ exp(T/Ty)
near 7. T, is nearly independent of compound and decreases slightly with increasing p. Errors represent fit uncertainties [28]. The color contour
shows the magnitude of the nonlinear magnetic response 10g,o(A g Xtorque/ xtﬁsrgﬁ) for Hg1201 as a function of T — 7. and p. Normalization of
AH Xtorque DY its high-temperature value allows the comparison of samples with different hole concentrations [28]. T; weakly increases with
increasing H., but this does not affect the observation of universal behavior. Whereas T is best defined from yiorque, the difference Ag Xiorque
used in Figs. 2, S2, and S3 (Ref. [28]) better demonstrates the exponential decay and gives a better estimate of the measurable extent of

SC traces.

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) and 1(b)].

The temperature dependence of Yiorque for Hgl201,
Bi2201, and LSCO (Figs. 1(d) and 2(a) and Figs. S3 and
S4 in Ref. [28]) reveals two distinct behaviors above T,.. The
near-T, regime is clearly dominated by SC diamagnetism and
features an approximately exponential decay, accompanied
by a strong nonlinear field dependence of the magnetiza-
tion [Figs. 1(a)-1(c)]. At higher temperatures, Xiorque €Xhibits
qualitatively different temperature dependence and no mag-
netic field dependence (within our sensitivity limit) and thus
is clearly identified as normal-state paramagnetism. Previ-
ous torque studies of LSCO and Bi2201 [4-6] deduced SC
diamagnetism by subtracting an assumed high-temperature
T-linear background, x(T)= (a+ bT). This assumption

yields apparent diamagnetism in an anomalously wide tem-
perature range above T, very different from early torque
studies [43—45]. 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 Xorque as a function of
field [Fig. 1(c)]. 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 [4—6] is not due to the existence of a dominant
linear-in-field SC diamagnetic response.

Without resorting to any assumptions regarding the
paramagnetic response, we identify SC diamagnetism from
the difference (AnxXiorque) Of Xtorque at two different fields
(or, equivalently, at two different angles), which completely
removes the paramagnetic (i.e., linear response) component
and leaves only nonlinear magnetism. This enables us to

214502-3



G.YU etal

PHYSICAL REVIEW B 99, 214502 (2019)

trace the SC diamagnetism at temperatures well above T,
even when the SC signal is two orders of magnitude smaller
than the high-temperature paramagnetic magnetization. As
shown in Figs. 2(b) and 2(c), we find that Ag Xiorque €xhibits
a rapid exponential decrease with increasing temperature,
AH Xtorque ¢ exp(—=T/Ty), where T; is a measure of the
temperature range over which SC traces are significant.
Figures 2(b) and 2(d) demonstrate for Hgl201 that Ty
exhibits weak doping dependence from the very underdoped
(p =~ 0.07) to the overdoped (p =~ 0.18) part of the phase
diagram.

Our measurements of optimally-doped Bi2201 and moder-
ately underdoped LSCO reveal that the diamagnetic response
of all three single-layer compounds is nearly indistinguishable
[Figs. 2(c), 2(d) S2, S3], despite the stark difference (a factor
of about 2.5) in 7™ and the prominent charge/spin stripe
correlations in x = 0.125 LSCO [1]. The universal nature of
the observed behavior is further demonstrated for double-
layer Bi2212 [T, ~ 90 K Figs. 2(c) and 2(d)].

IV. DISCUSSION

These results are significant for a number of reasons. First,
they constitute an unequivocal thermodynamic determination
of SC emergence in the cuprates, as we observe SC emer-
gence directly via diamagnetism, a fundamental and promi-
nent characteristic of superconductivity [20], and because our
experimental approach does not resort to any “background”
estimation. Second, they indicate that the emergence of super-
conductivity (Xtorque) €xhibits highly unusual yet robust ex-
ponential temperature dependence with a characteristic tem-
perature 7; that is clearly independent of T;.. Contrary to the
interpretation of recent torque results for Bi;Sr,CaCu,Og s
[6] and YBa,;Cu30¢., [46], this behavior cannot be described
by Ginzburg-Landau theory, in which T; is the characteristic
fluctuation temperature scale and which predicts an approx-
imately power-law temperature dependence [20]. Third, we
demonstrate that the scale 7; is universal (compound inde-
pendent). In particular, near optimal doping, the nonlinear
diamagnetic response of all four investigated cuprate fami-
lies is characterized by exponential decay with T; = 4-5 K.
Fourth, this is the case even for p = 0.125 LSCO, where
stripe correlations are particularly prominent, and for Hg1201
in the p =0.07-0.11 range, where CDW correlations are
prominent in this compound [37-39]. This implies that these
correlations are not directly relevant to SC emergence and that
they must have inadvertently affected a number of prior results
[2-7,47]. Moreover, we note that in quantum-critical-point
scenarios, SC pairing is mediated by the fluctuations of a
distinct order parameter [1], yet the observed behavior for
overdoped Hgl1201 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 7. closely tracks the
T.(p) dome and thus is unrelated to the various ordering
tendencies that appear at or below the pseudogap tempera-
ture T*(p) [35-39,41], 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 tem-
perature (or energy scale) proportional to 7; and independent
of T..

How can we understand the unusual SC emergence? The
cuprates are lamellar, perovskite-derived materials that are
inhomogeneous at the nanoscale [48-54], and even simple-
tetragonal Hgl1201 exhibits considerable variation in local
electric field gradients and structure [50,51]. These complex
oxides exhibit microstructural (“tweed” or “transformation
precursor”) patterns commonly found in many displacive,
diffusionless structural transformations (e.g., perovskites and
martensitic systems) as a result of stress accommodation. The
associated mechanical strain inhomogeneity should result in
prominent electronic features, since charge and spin degrees
of freedom naturally couple to strain [48,49]. Evidence for
inhomogeneity is observed on multiple energy scales, ranging
from about 0.1 eV in scanning tunneling microscopy (STM) to
1077 eV in nuclear magnetic resonance measurements. STM
demonstrates that both the pseudogap [52-54] and the lower-
energy SC gap [53,54] exhibit considerable spatial inhomo-
geneity. Consequently, some of the spatially inhomogeneous
SC gaps “survive” in the form of SC clusters at temperatures
well above T,. As the temperature decreases, these clusters
proliferate, 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 con-
trolled 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 CuO, unit can explain the main features
of the normal-state phase diagram [55]. It is conceivable
that the universal scale 7; uncovered in our torque mea-
surements corresponds to the width of the superconduct-
ing gap distribution and emerges via a complex renormal-
ization 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. Nevertheless, we note that the
recent conductivity measurements show universal exponential
behavior as well and that in this case the comparison with a
simple percolation 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 characteristic
temperature that is nearly identical to 7; from our torque
measurements [19], and both linear and nonlinear (third-
harmonic) conductivity can be quantitatively described by a
simple percolation model [18,19]. This demonstrates that the
exponential temperature dependence 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 intrinsic localization-gap inhomogeneity [55]. The
SC gap distribution discussed here can then be understood as
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a manifestation of the same underlying inhomogeneity on a
lower, emergent energy scale.
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