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Universal superconducting precursor in three
classes of unconventional superconductors
D. Pelc 1, Z. Anderson1, B. Yu1, C. Leighton 2 & M. Greven1

A pivotal challenge posed by unconventional superconductors is to unravel how super-

conductivity emerges upon cooling from the generally complex normal state. Here, we use

nonlinear magnetic response, a probe that is uniquely sensitive to the superconducting

precursor, to uncover remarkable universal behaviour in three distinct classes of oxide

superconductors: strontium titanate, strontium ruthenate, and the cuprate high-Tc materials.

We find unusual exponential temperature dependence of the diamagnetic response above

the transition temperature Tc, with a characteristic temperature scale that strongly varies

with Tc. We correlate this scale with the sensitivity of Tc to local stress and show that

it is influenced by intentionally-induced structural disorder. The universal behaviour is

therefore caused by intrinsic, self-organized structural inhomogeneity, inherent to the oxides’

perovskite-based structure. The prevalence of such inhomogeneity has far-reaching impli-

cations for the interpretation of electronic properties of perovskite-related oxides in general.
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Some of the most prominent unconventional super-
conductors are based on the perovskite crystal structure.
This includes the materials we study here: SrTiO3 (STO),

Sr2RuO4 (SRO), and the cuprates La2-xSrxCuO4 (LSCO) and
HgBa2CuO4+δ (Hg1201). These oxides are of tremendous scien-
tific interest: superconductivity in doped STO occurs at some of
the lowest known charge carrier densities and, more than five
decades after its discovery1, there has been a recent upsurge
of research activity2–4; SRO is a candidate for unconventional
spin-triplet superconductivity5; LSCO and Hg1201 are archetypal
cuprate high-Tc superconductors, arguably the most widely
investigated class of quantum materials6. These materials have
widely different values of Tc, and, although their respective
superconducting pairing mechanisms remain unknown, they are
thought to differ as well. They do, however, share a common
structural motif—the perovskite metal-oxygen octahedron—
which is known to be susceptible to various deformations7,8. One
of the salient open questions in the physics of unconventional
superconductors is the nature of the superconducting precursor
above Tc, where macroscopic superconductivity is absent, but
traces of pairing remain observable. Experimental studies of the
precursor can, in principle, provide pivotal information on the
superconductivity, yet are hampered by the difficulty of distin-
guishing tiny superconducting signatures from normal state
properties.

We probe the superconducting precursor regime above Tc by
measuring nonlinear magnetic response. The magnetic response
of a material to an external magnetic field, beyond the linear
approximation, may be written as

M ¼ χ1H þ χ3H
3 þ ¼ ð1Þ

where the χi are the susceptibility tensors, M is the magnetization,
and H is the applied magnetic field. We assume that time-
reversal symmetry is obeyed, and hence do not consider even-
power terms. Superconducting transitions are clearly seen in
linear response because of the diamagnetism associated with
the superconducting state, but above Tc the properties of the

non-superconducting normal state also contribute to χ1. How-
ever, the third-order diamagnetic response is virtually zero in the
absence of superconducting correlations, and is thus uniquely
sensitive to the superconducting precursor. We show here that,
surprisingly, the three different classes of oxide unconventional
superconductors share a common precursor regime, with a
likely origin in inherent inhomogeneity related to the common
perovskite-based structure.

Results
Nonlinear response measurements. Our experiments are per-
formed with an alternating field, H=H0 cos(ωt), applied via an
excitation coil, and the response is detected with a pair of pickup
coils at frequencies ω (linear response) and 3ω (nonlinear
response). A typical excitation amplitude is H0= 1 Oe. Phase-
sensitive detection enables frequency selectivity, with extremely
high sensitivity in the kHz range (see Methods). The present
experiment should be contrasted with previous radio-frequency
measurements of cuprate nonlinear response, which were ana-
lysed in terms of conductivity owing to the much larger induced
electric fields9. We discuss all results here in terms of the raw
third-harmonic signal, M3.

Remarkably, we find the same behaviour of the superconduct-
ing precursor in all four studied oxides (Fig. 1). The data clearly
show exponential temperature dependence that spans at least two
orders of magnitude in M3, with the temperature range limited
only by detection noise. Furthermore, there is no appreciable
change with excitation frequency. The characteristic scale Ξ of the
exponential decrease is obtained from fits to M3 � e�T=Ξ. To
highlight the universality and robustness of the precursor
behaviour, the data for different compounds are shown to
collapse on a master curve upon scaling the temperature with Ξ
(Fig. 2a), which is consistent with simple exponential decay in a
wide range ofM3. As shown in Fig. 2b, Ξ clearly increases with Tc,
but at a significantly sublinear rate. The values should be viewed
with some caution, however, as for STO, LSCO, and Hg1201, Tc
depends on the carrier-doping level. We work here with nearly
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Fig. 1 Nonlinear response of four perovskite-based superconductors above Tc. a Strontium titanate SrTiO3 (STO) doped with 1 at.% of Nb, with a Tc of 350
mK. b Strontium ruthenate Sr2RuO4 (SRO), with a Tc of 1.51 K. c Slightly underdoped lanthanum strontium cuprate La2-xSrxCuO4 (LSCO), with a Tc of ~ 36 K
(Sr doping level of 14%). d Slightly underdoped mercury barium cuprate HgBa2CuO4+δ (Hg1201), with a Tc of ~ 94 K. Measurements on four other
Hg1201 samples are presented in Supplementary Note 3 and Supplementary Fig. 4, with essentially the same results. Arrows indicate the respective Tc
values. For the three lamellar compounds b–d, the magnetic field is perpendicular to the transition-metal-oxygen planes, whereas for STO it is along one of
the high-symmetry cubic directions. The four oxides show an exponential tail that stretches over at least two orders of magnitude, and with a slope that is
approximately independent of excitation frequency. The low-frequency results are raw data, whereas the high-frequency results were multiplied by a
constant to coincide with the low-frequency measurements. The constants depend on the setup and sample penetration depth, and are 0.7, 5, and 0.2 for
STO, SRO, and LSCO, respectively (Hg1201 is measured at only one frequency)
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optimally-doped crystals (with the highest Tc) as representative
examples.

Regardless of interpretation, the simple universal behaviour is
remarkable. First, the extended exponential tail is distinctly
different from what is expected and observed in conventional
superconductors. We measure M3(T) for various conventional
superconductors, and indeed find that the nonlinear response
decays quickly below the noise level and exhibits power-law
behaviour consistent with Ginzburg-Landau theory and its
extensions10,11 (see Supplementary Note 1 and Supplementary
Fig. 1). Second, the oxides feature varied transition-metal ions, a
wide range of optimal Tc values, and pairing mechanisms that
are thought to be quite different. STO superconductivity may
be phonon2- or plasmon3-mediated, or related to ferroelectric
criticality4, SRO is a possible triplet superconductor with a
potentially important role played by ferromagnetic fluctuations5,
and LSCO and Hg1201 are members of the cuprate high-Tc
family known to exhibit unusual pseudogap phenomena6.
Moreover, the crystal (and electronic) structures differ as well.
STO is a cubic perovskite that transforms to tetragonally distorted
on cooling, whereas SRO, LSCO, and Hg1201 belong to the
perovskite-related, layered Ruddlesden–Popper series. However,
all compounds feature the common perovskite transition-metal-
oxygen octahedron and the associated general tendency toward
structural deformation7,8. Both STO and LSCO exhibit a well-
defined symmetry-lowering structural transition on cooling12,13,
Hg1201 is nominally tetragonal, but with a sizable distribution of

local crystal fields14, whereas SRO is close to an octahedral
rotation instability15.

The role of structural inhomogeneity. The observed exponential
behaviour is highly unusual, and similar features are scarce in
condensed matter physics. Exponential tails can appear in an
ordered system with a coupling of the order parameter to local
inhomogeneity; rare regions with exceptionally high local ordering
temperatures then cause the tails16. A similar effect occurs in the
dynamics of electrons in a random lattice potential, giving
rise to exponential tails in the density of states of disordered
semiconductors17,18. The same physical arguments can be adapted
to superconductors, if the inhomogeneity occurs at length scales
comparable to the superconducting coherence length19. In the
cuprates, the exponential temperature dependence of the pre-
cursor superconductivity was recently characterized using several
complementary techniques — linear20 and nonlinear9 con-
ductivity, as well as torque magnetization21— and it was found
that a simple model based on spatial Tc inhomogeneity agrees well
with the data9,20. By extension, this indicates that similar dis-
tributions universally exist in perovskite-based superconductors.
Furthermore, as the only certain common feature shared by the
distinct superconductors studied here is structure, the underlying
origin of the electronic inhomogeneity must be related to
structural inhomogeneity. All studied compounds are oxides,
and oxygen non-stoichiometry might play a role. However, we
note that the inhomogeneity is at most indirectly related to
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Fig. 2 Characteristic pre-pairing scale. a Scaling plot of the raw data from Fig. 1, demonstrating the universality of the precursor response. The temperature
axis is scaled by the slopes of the exponential dependences, Ξ, and the curves are multiplied by constant factors to obtain collapse on the vertical axis.
High-frequency data from Fig. 1 are used, except for STO where we combined both data sets. b The slopes Ξ plotted against the Tc values of the studied
compounds. Errors are obtained from exponential fits and are smaller than the symbol size. The exponential fits show high fidelity, as seen in the low values
of the reduced sum of residuals (Table 1). c Ξ normalized to the derivative of Tc with regard to uniaxial stress (Table 1). For STO, the derivatives dTc/Pa,
dTc/Pb, and dTc/Pc with respect to the three principal crystallographic directions are similar owing to the nearly cubic structure. For SRO, LSCO, and
Hg1201, we take values of dTc/dPi with the pressure applied within the RuO2 and CuO2 planes. For SRO, the dependence of Tc on Pa is nonlinear, and we
take the average slope between Tc= 1.5 K and Tc= 2 K. The nonlinearity may be the cause of the slight curvature seen in Fig. 1b. The turquoise band
indicates the estimated uncertainty range, and the error bars are obtained directly from the uncertainties of dTc/dPi (see Table 1).

Table 1 Characteristic quantities for the oxide superconductors

Compound Ξ (mK) (fit range) Reduced χ2 |dTc / dPi| (K/GPa) Coherence length (nm)

STO 22.4 ± 0.1 (0.36 K - 0.47 K) 2.5·10−3 0.25 ± 0.05 (ref. 24) ~30 (ref. 31)
SRO 75.0 ± 0.6 (1.55 K–2 K) 6.5·10−3 0.6 ± 0.2 (ref. 25) ~75 (ref. 5)
LSCO 358 ± 1 (36.5 K–38.5 K) 4.2·10−3 3.7 ± 1.3 (ref. 26) ~2 (ref. 32)
Hg1201 272 ± 3 (94.5 K–96.5 K) 7.8·10−3 2.3 ± 0.3 (ref. 26) ~2 (ref. 32)

The sums of the squared residuals normalized to the number of experimental points (reduced χ2) is given for linear fits to the scaled log M3 curves (Fig. 2a) so as to be directly comparable. For SRO,
LSCO, and Hg1201, the average in-plane values of the derivatives are used; the large error margin for LSCO reflects the fact that the two principal in-plane values differ by a factor of 2. For SRO, the
dependence of Tc on Pa is strongly nonlinear, and we take the average slope between Tc= 1.5 K and Tc= 2 K by simply fitting a linear function to data for two samples in ref. 25
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doping-related point defects, such as oxygen vacancies. Namely,
the different oxides have widely varying levels of defect con-
centrations: LSCO is substitutionally doped, and the Sr sub-
stituents cause strong local field variations that depend on the
doping level; Hg1201 is doped with oxygen interstitials relatively
far from the conducting CuO2 planes, so their effects are less
pronounced; the dopant concentration in STO is quite small
compared with cuprates; and SRO is nominally stoichiometric,
with minimal point disorder (although ruthenium inclusions can
influence the results; see Supplementary Note 2 and Supplemen-
tary Fig. 3). This suggests that the inhomogeneity is likely caused
by intrinsic local stress accommodation that leads to atomic dis-
placements, with the possibility that oxygen defects correlate with
lattice deformations. In metals and alloys, structural transitions
that are displacive (i.e., non-diffusive) and symmetry-lowering are
known as martensitic transitions23; they are accompanied by local
deformations across multiple length scales, which can exist even
if there is no macroscopic transition8. Analogous deformations
in the perovskite-based oxides could be the underlying cause of
the extended precursor regime that we observe.

We test this hypothesis in two ways. First, we emphasize the
following simple observation. In all studied oxides, Tc quite
strongly depends on lattice deformation. A straightforward means
to quantify this is the derivative of Tc with respect to uniaxial
stress, dTc/dPi, where Pi is the pressure applied in a given
crystallographic direction i. If lattice deformation at the nanoscale
(i.e., at a scale comparable to the superconducting coherence
length) is the cause of inhomogeneity that gives rise to
exponential behaviour, we would still expect dTc/dPi to be a
reasonable measure of the coupling between local Tc and local
(nanoscale) lattice strain. Therefore, the scale Ξ should be related
to dTc/dPi. Indeed, as shown in Fig. 2b, upon normalizing Ξ by
dTc/dPi for the four different oxides24–26 we obtain a nearly
universal value. dTc/dPi is negative for STO, but as we only use
the derivative as a measure of coupling to lattice deformation, its
absolute value is relevant for the determination of the Tc

inhomogeneity scale. We thus demonstrate that

Ξ � Aj dTc

dPi
j; ð2Þ

where the constant A ~ 100MPa plays the role of a characteristic
stress scale, and may be interpreted as a measure of the intrinsic local
stress distribution width. As the elastic moduli of the oxides22,27 are
on the order of 100GPa, the associated lattice deformations amount
to 0.1% of the lattice parameter, or ~ 0.1 pm. This estimate may be
crude, but it serves to show that the relevant deformations at the
atomic level are, on average, very small. Yet, they may be within
reach of high-precision neutron scattering28 and electron micro-
scopy29 techniques. Notably, the simple relation (2) is borne out in
previous studies of the cuprates. It is known from thermodynamic
studies26 that dTc/dPi is nearly universal in the cuprates, and a
characteristic precursor scale similar to Ξ was also found to be
universal9,20,21, in accordance with (2). Importantly, the oxides
studied here have very different superconducting coherence lengths
of ~ 75 nm (SRO)5, ~ 30 nm (STO)31 and 1–3 nm (cuprates)32. As A
appears to be universal, the relevant local strain should have a scale-
free structure to cause the same effect on Tc.

A more direct test of the structural origin of the exponential
tails is to study the influence of intentionally introduced
structural inhomogeneity. An LSCO single crystal was thus
subjected at room temperature to in-plane uniaxial pressure
beyond the elastic regime (Fig. 3a, b), reaching stresses
comparable to A. A relatively low yield stress is observed,
followed by plastic deformation and hysteresis; such features
are not uncommon in compressively deformed single crystal
oxide ceramics27, but to our knowledge have not been explored
in the cuprates. The deformation must induce structural
inhomogeneity (defects) to accommodate plasticity, beyond
what is already present in the undeformed sample. We then
compare nonlinear magnetization measurements on the same
sample before and after applying 50 MPa pressure (Fig. 3c). The
exponential slope changes dramatically, which demonstrates a
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clear relation to structural inhomogeneity. The ratio of the
slopes in Fig. 3c is 1.7; if Ξ is simply proportional to the local
stress distribution width, this change is roughly what could be
expected from the naive addition of 50 MPa of induced stress to
100 MPa of pre-existing internal stress. Remarkably, the applied
stress creates regions with locally increased Tc compared with
the unstressed sample.

Discussion
Our results have at least four far-reaching implications. First,
we have uncovered an unanticipated common feature among
perovskite-based superconductors, present regardless of the sig-
nificant differences in their electronic properties. Second, the strong
link between the characteristic temperature scale Ξ and the coupling
of Tc to lattice strain suggests a common structural origin, rooted in
the propensity for local deformation inherent to perovskites. Such
effects have already been explored for some systems, especially the
colossal magnetoresistive manganites30, but should be relevant for
perovskite-based materials in general, be they bulk superconductors,
ferromagnets, ferroelectrics, or films/heterostructures33. This insight
is already beginning to be applied to the analysis of experiments on
cuprates9,20,21,34,35. In Supplementary Fig. 2, we show for SRO that
the exponential temperature dependence possibly is also present in
a rather different observable: the electronic specific heat. Third, we
demonstrate that it is viable to manipulate the inhomogeneity using
mechanical stress, creating regions of locally increased Tc. Such
experiments open up a new avenue for the study of unconventional
superconductors; they should be invaluable in elucidating the nat-
ure of the intrinsic inhomogeneity with structural probes, and pave
the way toward stress-engineering of superconducting properties.
Finally, the observation of a universal intrinsic stress A suggests that
the underlying local deformations are similar in bulk perovskite-
related materials, at least at the scale of the superconducting
coherence length. Since for the oxides considered here these lengths
differ by more than an order of magnitude, it is plausible that the
deformations are self-organized and scale-free to some extent. This
is consistent with the suggestion that the interstitial oxygen atoms
in the cuprate La2CuO4+δ form scale-invariant structures36. Our
work indicates that such phenomena are a general property of
perovskite-based materials, and it will be interesting to understand
if they are prevalent in other unconventional superconductors.

Methods
Samples. The bulk STO sample is a single crystal cut from a commercially
available wafer doped with 1 at.% of Nb, with the structure, part-per-million-level
purity37, and normal state characterized in previous work38. The bulk SRO crystals,
grown by the traveling-solvent floating-zone technique and characterized by X-ray
diffraction, show a high degree of crystalline perfection. The high value of Tc=
1.51 K indicates that the crystal in Fig. 1 is in the clean limit, i.e., that the level of
point disorder is minimal5. The LSCO samples are grown by the traveling-solvent
floating-zone method and characterized with X-ray diffraction. The sample for
which the data in Fig. 1 were obtained is also characterized with energy-dispersive
X-ray spectroscopy, and the doping level x= 0.14 is found to be homogeneous
across the sample. All LSCO samples are annealed post-growth in air at 800 °C for
100 h. The Hg1201 samples are grown using a previously described encapsulation
method39 and annealed in flowing oxygen gas for 1 month. The Pb and In samples
are commercial 99.9% purity polycrystalline samples cut into rectangular bars,
whereas the Nb sample is a commercially available single crystal. The Sn97Ag3
sample is a standard soldering alloy.

Nonlinear magnetization. In order to measure the third-order nonlinear sus-
ceptibility, two different experimental setups are used. For measurements below 2
K, we employ a 3He-recirculating refrigerator, whereas for measurements at higher
temperatures we constructed a dedicated probe used within a Quantum Design,
Inc., magnetic property measurement system (MPMS). The 3He setup uses a set of
one excitation and two detection coils, with the detection coils connected in such a
way as to cancel the excitation field. The excitation current is supplied by a
Stanford Research DS360 ultra-low distortion generator, and for detection we use
an EG&G 5302 lock-in amplifier with transformer input (below 10 kHz) and with
direct pre-amp input (above 10 kHz). The additional distortion from the

transformer and pre-amp is negligible in the frequency range of interest. The
sample and coils are shielded by a double Pb can superconducting shield, and we
estimate the residual field in the sample space to be on the order of 0.01 Oe. The
MPMS probe only contains the two matched detection coils, whereas for excitation
we use the built-in coil for AC susceptometry. The MPMS is otherwise only used
for temperature control. Both excitation and detection in the MPMS setup are
provided by a Signal Recovery 7265 lock-in amplifier; we do not use a transformer.
The sample is shielded by an external mu-metal shield, with the superconducting
magnet of the MPMS quenched (reset) at low field before the experiments. The
residual field in this configuration is estimated to be no larger than 0.1 Oe. The
excitation fields in all experiments are on the order of 1 Oe (without corrections
for demagnetization factors).

Uniaxial stress. Uniaxial pressure is applied to the sample at 300 K with a cell that
uses helium gas pressure to create a force on a piston which, in turn, compresses
the sample. The design enables independent control and measurement of applied
pressure and sample strain. Tungsten carbide composite blocks are used to transfer
the force to the sample, and the sample deformation is measured with a linear
variable transformer that consists of two concentric coils wound on ceramic for-
mers attached to the piston and stationary end, respectively. The sample used in
these experiments has a cross-section of 0.64 mm2 and is 1.26 mm long; the cell
force-He pressure ratio is 61 N/bar. Therefore, ~ 0.5 bar is needed to obtain the
50 MPa stress in the sample studied here.

Data availability
The data sets generated during the current study are available from the corresponding
authors on reasonable request.

Received: 31 October 2018 Accepted: 20 May 2019

References
1. Schooley, J. F., Hosler, W. R. & Cohen, M. L. Superconductivity in

semiconducting SrTiO3. Phys. Rev. Lett. 12, 474–475 (1964).
2. Gor’kov, L. P. Phonon mechanism in the most dilute superconductor n-type

SrTiO3. Proc. Nat. Acad. Sci. USA 113, 4646–4651 (2016).
3. Ruhman, J. & Lee, P. A. Superconductivity at very low density: the case of

strontium titanate. Phys. Rev. B 94, 224515 (2016).
4. Edge, J. M., Kedem, Y., Aschauer, U., Spaldin, N. & Balatsky, A. V. Quantum

critical origin of the superconducting dome in SrTiO3. Phys. Rev. Lett. 115,
247002 (2015).

5. Mackenzie, A. P. & Maeno, Y. The superconductivity of Sr2RuO4 and the
physics of spin-triplet pairing. Rev. Mod. Phys. 75, 658–712 (2003).

6. Keimer, B., Kivelson, S. A., Norman, M. R., Uchida, S. & Zaanen, J. From
quantum matter to high-temperature superconductivity in copper oxides.
Nature 518, 179–186 (2015).

7. Dagotto, E. Complexity in strongly correlated electronic systems. Science 309,
257–262 (2005).

8. Krumhansl, J. A. Fine scale mesostructures in superconducting and other
materials, in Lattice Effects in High-Tc Superconductors: Proceedings of the
Conference, Santa Fe, New Mexico, January 13–15, 1992.

9. Pelc, D. et al. Emergence of superconductivity in the cuprates via a universal
percolation process. Nat. Commun. 9, 4327 (2018).

10. Gollub, J. P., Beasley, M. R., Callarotti, R. & Tinkham, M. Fluctuation-induced
diamagnetism above Tc in superconductors. Phys. Rev. B 7, 3039–3058 (1973).

11. Tsuzuki, T. & Koyanagi, M. Nonlinear diamagnetism due to the fluctuation
superconductivity. Phys. Lett. A 30, 545–546 (1969).

12. Cowley, R. A. The phase transition of strontium titanate. Philos. Trans. R. Soc.
Lond. A 354, 2799–2814 (1996).

13. Fleming, R. M., Batlogg., B., Cava, R. J. & Rietman, E. A. Temperature and
composition dependence of the tetragonal-orthorhombic distortion in La2-
xSrxCuO4. Phys. Rev. B 35, 7191 (1987).

14. Rybicki, D. et al. Spatial inhomogeneities in single-crystal HgBa2CuO4+δ from
63Cu NMR spin and quadrupole shifts. J. Supercond. Nov. Magn. 22, 179–183
(2009).

15. Braden, M., Reichardt, W., Nishizaki, S., Mori, Y. & Maeno, Y. Structural
stability of Sr2RuO4. Phys. Rev. B 57, 1236–1240 (1998).

16. Vojta, T. Quantum Griffiths effects and smeared phase transitions in metals:
theory and experiment. J. Low Temp. Phys. 161, 299–323 (2010).

17. Lifshitz, I. Energy spectrum structure and quantum states of disordered
condensed systems. Sov. Phys. Usp. 7, 549 (1965).

18. John, S., Soukoulis, C., Cohen, M. H. & Economou, E. N. Theory of electron
band tails and the Urbach optical-absorption edge. Phys. Rev. Lett. 57,
1777–1780 (1986).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10635-w ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:2729 | https://doi.org/10.1038/s41467-019-10635-w |www.nature.com/naturecommunications 5

www.nature.com/naturecommunications
www.nature.com/naturecommunications


19. Dodaro, J. F. & Kivelson, S. A. Generalization of Anderson’s theorem for
disordered superconductors. Phys. Rev. B 98, 174503 (2018).

20. Popčević, P. et al. Percolative nature of the dc paraconductivity in the cuprate
superconductors. npj Quant. Mat. 3, 42 (2018).

21. Yu, G. et al. Universal precursor of superconductivity in the cuprates. Phys.
Rev. B. 99, 214502 (2019) https://doi.org/10.1103/PhysRevB.99.214502.

22. Migliori, A. et al. Complete elastic constants and giant softening of c66 in
superconducting La1.86Sr0.14CuO4. Phys. Rev. Lett. 52, 570 (1995).

23. Nishiyama, Z. Martensitic transformation (Elsevier, 1978).
24. Pfeiffer, E. R. & Schooley, J. F. Effect of stress on the superconductive

transition temperature of strontium titanate. Phys. Rev. Lett. 19, 783 (1967).
25. Steppke, A. et al. Strong peak in Tc of Sr2RuO4 under uniaxial pressure.

Science 335, eaaf9398 (2017).
26. Hardy, F. et al. Enhancement of the critical temperature of HgBa2CuO4+δ by

applying uniaxial and hydrostatic pressure: implications for a universal trend
in cuprate superconductors. Phys. Rev. Lett. 105, 167002 (2010).

27. Pelleg, J. Mechanical properties of ceramics (Springer, 2014).
28. Rekveldt, M. T. et al., Elastic neutron scattering measurements using Larmor

precession of polarized neutrons, in Neutron Spin Echo Spectroscopy, 87–99
(Springer, 2006).

29. Kim, H., Marshall, P. B., Ahadi, K., Mates, T. E., Mikheev, E. & Stemmer, S.
Response of the lattice across the filling-controlled Mott metal-insulator
transition of a rare-earth titanate. Phys. Rev. Lett. 119, 186803 (2017).

30. Ahn, K. H., Lookman, T. & Bishop, A. R. Strain-induced metal-insulator
phase coexistence in perovskite manganites. Nature 428, 401–404 (2004).

31. Leitner, A., Olaya, D., Rogers, C. T. & Price, J. C. Upper critical field and
fluctuation conductivity in Nb-doped strontium titanate thin films. Phys. Rev.
B 62, 1408 (2000).

32. Wesche, R. Physical properties of high-temperature superconductors (Wiley, 2015).
33. Mannhart, J., Blank, D. H. A., Hwang, H. Y., Millis, A. J. & Triscone, J.-M.

Two-dimensional electron gases at oxide interfaces. MRS Bull. 33, 1027–1034
(2008).

34. Zaki, N., Yang, H., Rameau, J., Johnson, P. D., Claus, H. & Hinks, D. G.
The cuprate phase diagram and the influence of nanoscale inhomogeneities.
Phys. Rev. B 96, 195163 (2017).

35. Pelc, D., Popčević, P., Požek, M., Greven, M. & Barišić, N. Unusual behavior of
cuprates explained by heterogeneous charge localization. Sci. Adv. 5, eaau4538
(2019).

36. Fratini, N. et al. Scale-free structural organisation of oxygen interstitials in
La2CuO4+δ. Nature 466, 841–844 (2010).

37. Rice, W. D. et al. Persistent optically induced magnetism in oxygen-deficient
strontium titanate. Nat. Mater. 13, 481–487 (2014).

38. Spinelli, A., Torija, M. A., Liu, C., Jan, C. & Leighton, C. Electronic transport
in doped SrTiO3: conduction mechanisms and potential applications.
Phys. Rev. B 81, 155110 (2010).

39. Zhao, X. et al. Crystal growth and characterization of the model high-
temperature superconductor HgBa2CuO4+δ. Adv. Mater. 18, 3243–3247 (2006).

Acknowledgements
We thank W. Zimmermann for the donation of the 3He fridge used (and for invaluable
advice on its operation), A.S. Gibbs, C.W. Hicks and A.P. Mackenzie for providing the
Sr2RuO4 samples, N. Bielinski for help in preparing the LSCO samples, S. Griffitt for
assistance in constructing the susceptometer probes, A. Najev and M. Lukas for assis-
tance with the uniaxial pressure measurements, and N. Barišić and B. Shklovskii for
discussions. The work at the University of Minnesota was funded by the Department
of Energy through the University of Minnesota Center for Quantum Materials under DE-
SC-0016371.

Author contributions
D.P. and M.G. initiated the work. D.P. designed the probes and performed the nonlinear
response measurements, with assistance from Z.A. and B.Y. Z.A. and B.Y. grew and
characterized the Hg1201 and LSCO samples, respectively. C.L. provided and char-
acterized the STO sample. D.P. carried out the data analysis. D.P. and M.G. wrote the
manuscript, with input from all authors.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10635-w.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks the anonymous reviewer(s)
for their contribution to the peer review of this work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-10635-w

6 NATURE COMMUNICATIONS |         (2019) 10:2729 | https://doi.org/10.1038/s41467-019-10635-w |www.nature.com/naturecommunications

https://doi.org/10.1103/PhysRevB.99.214502
https://doi.org/10.1038/s41467-019-10635-w
https://doi.org/10.1038/s41467-019-10635-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Universal superconducting precursor in three classes of unconventional superconductors
	Results
	Nonlinear response measurements
	The role of structural inhomogeneity

	Discussion
	Methods
	Samples
	Nonlinear magnetization
	Uniaxial stress

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




