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The nature of the normal state of cuprate superconductors continues to stimulate considerable
speculation. Of particular interest has been the linear temperature dependence of the in-plane
resistivity in the low-temperature limit, which violates the prediction for a Fermi liquid. We present
measurements of anisotropic resistivity in La2−xSrxCuO4 that confirm the strange-metal behavior
for crystals with doped-hole concentration p = x > p∗ ∼ 0.19 and contrast with the non-metallic
behavior for p < p∗. We propose that the changes at p∗ are associated with a first-order transition
from doped Mott insulator to conventional metal; the transition appears as a crossover due to
intrinsic dopant disorder. We consider results from the literature that support this picture; in
particular, we present a simulation of the impact of the disorder on the first-order transition and
the doping dependence of stripe correlations. Below p∗, the strong electronic interactions result in
charge and spin stripe correlations that percolate across the CuO2 planes; above p∗, residual stripe
correlations are restricted to isolated puddles. We suggest that the T -linear resistivity results from
scattering of quasiparticles from antiferromagnetic spin fluctuations within the correlated puddles.
This is a modest effect compared to the case at p < p∗, where there data suggest that there are no
coherent quasiparticles in the normal state.

I. INTRODUCTION

There are a variety of normal-state properties of hole-
doped cuprate superconductor compounds that deviate
from expectations of Fermi liquid theory. For exam-
ple, there are the anomalous temperature dependences
of properties such as magnetic susceptibility, in-plane re-
sistivity ρab, the Hall effect, and various spectroscopic
features observed especially in underdoped cuprates that
have been discussed commonly in terms of pseudogap
phenomena [1–9]. The crossover temperature T ∗ asso-
ciated with the pseudogap behaviors decreases as the
doped-hole concentration p increases, extrapolating to
zero at p∗ ∼ 0.19 [3]. In a cuprate with a lower
superconducting transition temperature (Tc), such as
La2−xSrxCuO4 (LSCO), where accessible magnetic field
strengths can suppress the superconducting order, an-
other anomaly appears for p ∼ p∗ [10, 11]; this is strange-
metal behavior, in which ρab varies in linear proportion
to T in the low-temperature limit, in violation of the
Fermi-liquid prediction of T 2 variation [12, 13]. This be-
havior extends over the range p∗ ≲ p < pc [14–16], where
pc ∼ 0.3 is the critical point at which superconducting
order disappears [17].

The cause of the strange-metal behavior has contin-
ued to be a major topic of discussion [18–27]. To the
extent that strange metal behavior is associated with

∗ jtran@bnl.gov
† Current address: Advanced Photon Source, Argonne National
Laboratory, Argonne, Illinois 60439, USA

‡ liqiang@bnl.gov

p∗, it begs the question of the underlying physics of the
cuprate phase diagram. A crucial unresolved issue con-
cerns whether there should be a first-order transition as
a function of doping as one moves from the antiferro-
magnetic insulator at p = 0 to a more or less conven-
tional metal at p > pc. Anderson argued from the be-
ginning that the parent cuprates, such as La2CuO4, are
Mott insulators [28] and later made the case that the
superexchange mechanism underlying the antiferromag-
netism is incompatible with Fermi-liquid theory [29]. In
response, Laughlin argued [30] that adiabatic continuity
should apply from the overdoped metallic phase through
the full doping range where superconducting order ex-
ists, so that if there is a Mott insulator phase at p = 0,
there should be a first order transition at a p between the
antiferromagnetic state and the onset of superconductiv-
ity. From his perspective, the pseudogap behavior could
be attributed to a competing order that is compatible
with conventional band theory (d-density-wave order in
his case), with p∗ corresponding to a quantum critical
point (QCP) and strange-metal behavior resulting from
critical scattering [31]; others have considered a QCP due
to spin-density-wave (SDW) [7, 32], charge-density-wave
(CDW) [24–26, 33, 34], or pair-density-wave [27] orders.

Laughlin proposed that the only way to distinguish
a state incompatible with Fermi-liquid theory would be
to look at the behavior of ρab in the low-temperature
limit of the normal state, which is obscured by super-
conductivity in the absence of a magnetic field. At that
time, Ando and Boebinger [35, 36] had discovered that
on suppressing the superconductivity in LSCO with a c-
axis magnetic field of 60 T, both ρab and ρc grew at low
temperature as ln(1/T ) for x ≲ 0.17; they characterized
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FIG. 1. Sheet resistance, Rs, in units of h/e2, measured on
thin films of La2−xSrxCuO4 in c-axis magnetic fields of∼ 50 T
at temperatures of 4 K (blue circles) and 70 K (violet squares)
from Capara et al. [37]. Yellow horizontal line indicates the
saturation resistance of conventional metals from Hussey et
al. [42]; gray vertical line indicates p∗ from Tallon and Loram
[3].

this as an insulating state [36]. The results for ρab have
now been reproduced by Caprara et al. [37] who applied
fields of ≳ 45 T to LSCO thin films. In Fig. 1, we show
their results, measured in high field, in the form of sheet
resistance, Rs, at T = 4 K and at 70 K as a function
of x; in field, there is a rise in ρab at low temperature
for x = p ≲ p∗. Whether or not the resistivity truly
diverges as T → 0, this behavior is inconsistent with a
conventional metallic state.

For a two-dimensional (2D) metal treated by Boltz-
mann theory, the Mott-Ioffe-Regel limit on resistivity
(electronic mean free path equals the lattice spacing [38])
corresponds to h/e2 [39]. The data shown in Fig. 1 are all
below, but a significant fraction of, this limit. For con-
ventional metals with large electron scattering, the re-
sistivity is empirically observed to saturate at a value of
200±100 µΩ-cm [40–42], which corresponds to a sheet re-
sistance for LSCO of Rsat ∼ 0.12h/e2. While Rsat should
have some dependence on carrier density [39], we note the
striking coincidence that the crossover from non-metallic
to metallic temperature dependence at p∗ occurs where
Rs crosses through the typical Rsat.

Such anomalous behavior provides justification for con-
sidering underdoped cuprates in terms of a model of a
hole-doped Mott insulator. Based on early computa-
tional evidence for phase separation of doped holes and
antiferromagnetic spins in a doped t-J model [43], Emery
and Kivelson [44] proposed that inclusion of long-range
Coulomb repulsion would yield frustrated phase separa-
tion, which can take the form of charge and spin stripes
[45]. Experimental studies on LSCO and related com-
pounds provide evidence that charge and spin stripes
develop together [46–50]. It is important to note here
that, while these correlations can be described as in-
tertwined spin density wave (SDW) and charge density

wave (CDW) orders, they are a consequence of com-
petition between antiferromagnetism driven by superex-
change [28, 29] and the frustrated kinetic energy of the
doped holes [51]. They are distinct from the individual
SDW or CDW orders that can develop in conventional
metals and that have been considered by some [7, 24–
26, 33].

Given that cuprates with p ≳ pc appear to have Fermi-
liquid character [11, 52–54], reconciling this with the
strongly-correlated behavior of underdoped samples ap-
pears to imply that there is a first-order transition from
doped Mott insulator to conventional metal somewhere
under the superconducting dome. Complicating the iden-
tification of such a first-order transition is the presence
of significant charge disorder. The role of intrinsic disor-
der on the anticipated first-order transition in cuprates
has been considered previously [55], and it has been noted
that, even in a half-filled correlated system, disorder with
percolative character can lead to a metallic response [56].
The picture presented here is less extreme than the latter,
but anticipates the first-order transition at higher-doping
than the former.

Working with others, we have recently reported a study
of overdoped LSCO [57] in which we presented evidence
for inhomogeneous superconductivity and made the case
that the heterogeneity was a natural consequence of the
random substitution of Sr2+ ions for La3+ together with
the absence of effective screening. In the present article,
we present further measurements on our LSCO crystals.
We begin by presenting ac susceptibility measurements of
the superconducting transition to demonstrate that, for
each x, there is a single sharp bulk superconducting tran-
sition, consistent with previous reports [58, 59]. Then we
consider ρc(T ) and ρab(T ) for compositions spanning p∗.
In particular, we demonstrate that ρc(T ) changes from
insulating to metallic character as p increases through p∗.
In a corresponding fashion, ρab(T ) changes from flatten-
ing out near Tc for p < p∗ to exhibiting strange-metal
behavior for p > p∗, consistent with previous work [11].

We then review experimental results in the litera-
ture that support the interpretation that p∗ corresponds
to a percolative transition between the stripe-correlated
phase and a conventional metallic phase. Superconduc-
tive pairing is optimized where the stripe phase is strong
[60], and bulk superconductivity weakens as regions of
stripe phase are limited to non-percolating puddles with
overdoping [17, 57]. Within this picture, it appears that
the normal-state resistivity for p > p∗ should be dom-
inated by the scattering of quasiparticles from isolated
patches of strongly-correlated electrons. This is consis-
tent with the two charge-carrier components inferred by
Ayres et al. for a variety of cuprates [16] and with as-
pects of some recent models [23–26, 61–63], especially
including recent numerical studies of the Hubbard model
[64–66].

The rest of this paper is organized as follows: In Sec. II,
we describe our experimental methods, with the charac-
terizations (ac susceptibility and anisotropic resistivity)
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of our LSCO crystals presented in Sec. III. The interpre-
tation of the results, and especially the nature of p∗, are
described in Sec. IV. The relevance of our results to other
studies are considered in Sec. V, which is followed by our
conclusions in Sec. VI.

II. EXPERIMENTAL METHODS

The La2−xSrxCuO4 crystals used here are the same
ones previously studied in Refs. 57, 67, and 68. They were
grown at Brookhaven by the travelling-solvent floating-
zone method. Post-growth annealing in O2 is described
in Ref. 57. Based on the previous analysis, we believe
that the oxygen-vacancy density is minimal and assume
p = x.
The ac magnetic susceptibility was measured in a 7-

T Quantum Design Magnetic Properties Measurement
System with a SQUID (superconducting quantum inter-
ference device) magnetometer. The measurements were
conducted under a zero dc field, with an applied ac mag-
netic drive amplitude of 2 Oe at a frequency of 100 Hz.
Separate measurements were performed with the ac mag-
netic field either parallel or perpendicular to the c-axis.

The resistivity measurements were performed on
rectangular-plate-shaped single crystals with four differ-
ent doping values: x = 0.17, 0.21, 0.25, and 0.29. Sam-
ples were oriented and cut for both in-plane and out-
of-plane resistivity measurements for each doping level.
The electrical contacts were done in a four-point in-line
configuration, and the measurements were performed in
a Quantum Design Physical Property Measurement Sys-
tem equipped with a 14-T superconducting magnet.

III. RESULTS

A. ac susceptibility

Our results for the magnetic susceptibility are shown
in Fig. 2. The temperature at the peak of χ′′ provides a
measure of Tc. As one can see, there is a single narrow
peak in χ′′ for x = 0.17 with H||c, which measures the
superconducting transition within the CuO2 planes. The
fact that the peak for H ⊥ c occurs at a slightly lower
temperature is consistent with the fact that the super-
conducting response between the planes is dependent on
Josephson coupling between the planes; note that the
temperature at which χ′′ begins to rise on cooling for
both field orientations is essentially the same. A similar
anisotropy has been reported in measurements of super-
conducting stiffness on ring shaped crystals at the same
composition [69].

For x = 0.25, we see a single peak χ′′ at ≈ 17 K; how-
ever, χ′′ begins to rise from T > 30 K. For x = 0.29,
the peak has moved below 5 K, but the initial rise is
still above 30 K. It is of interest to compare with work
on high-quality LSCO thin films across the overdoped

FIG. 2. Results for the volume magnetic susceptibility,
χ = χ′ + iχ′′, with χ′ plotted on the left and χ′′ on the right,
obtained with magnetic field H||c (solid red line) and H ⊥ c
(dotted line), for La2−xSrxCuO4 crystals with (from top to
bottom) x = 0.08, 0.17, 0.21, 0.25, and 0.29. We use dimen-
sionless SI units. Full volume shielding should yield χ′ = −1;
data exceed that limit because of uncorrected demagnetiza-
tion factors due to non-ideal sample shape [70].

regime [58], where the superconducting transition was
measured by mutual inductance at frequencies of 20–90
kHz with H||c [59]. In the imaginary part of the mutual
inductance, there is a single narrow peak for each sam-
ple. Similar measurements on LSCO films in an earlier
study by a different group [71] show peaks with a bit
more width and structure, closer to our results. In any
case, we argue that there is a strong qualitative similarity
between our results and those for thin films [59, 71]. The
tails to high temperature in our results are somewhat
subtle; nevertheless, they are consistent with the results
from dc magnetization reported in [57], where we made
the case for an onset of granular, non-percolating super-
conductivity above the bulk transition for the x = 0.25
and 0.29 crystals. That conclusion is also consistent with
the results on polycrystalline samples with multiple O2

treatments [72], where samples with x = 0.25 and 0.30
showed the onset of weak-but-finite Meissner response at
T > 35 K.
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FIG. 3. Resistivity vs. T measured along the c axis (top row) and a axis (bottom row) for La2−xSrxCuO4 with x = 0.17,
0.21, 0.25, and 0.29, as labelled at the top. In the first panel, ρc for x = 0.17 has been multiplied by 0.35 to fit it into the scale
relevant for higher doping. In the insets, dotted lines show ρab measured in the presence of a 14-T magnetic field applied along
the c axis.

We note that superconductivity at p = 0.29 appears to
be inconsistent with the single-crystal results of Cooper
et al. [11] and Hussey et al. [14]. From the Supporting
Online Material to Ref. 11, the value of p for those sam-
ples was determined from Tc assuming the formula for
Tc(p) originally proposed by Tallon and coworkers [73];
that formula has also been utilized to determine p for
the thin films studied in [58]. According to that formula,
Tc goes to zero at p = 0.27. In contrast, our experi-
mental results for superconductivity beyond p = 0.27 are
consistent with the single-crystal results of Yamada and
coworkers [74], as indicated in Fig. 1 of Ref. 57. Again,
for p > p∗, we have previously presented the case that the
superconducting state is inhomogeneous due to intrinsic
disorder of the Sr dopants and poor Coulomb screening
[57]. Such behavior is consistent with the model to be
discussed in Sec. IVB.

B. Anisotropic Resistivity

In Fig. 3, we compare the temperature dependence of
ρc (top) and ρab (bottom) for four compositions of LSCO.
Let us first consider the behavior of ρc. For x = 0.17, ρc
is large in magnitude and there is a kink below 250 K cor-
responding with the structural transition from tetragonal
to orthorhombic symmetry; this is followed by an upturn
on cooling below 80 K, suggestive of insulating behavior
(consistent with the results reported in high magnetic
fields [36, 37]), before reaching the onset of superconduc-
tivity. In comparison, the results for x = 0.21, 0.25, and
0.29 show a reduced (though still large) magnitude and
a metallic temperature dependence in the normal state.

Next we consider ρab. For x = 0.17, we see a metal-
lic temperature dependence; on depressing the supercon-
ducting transition by applying a 14 T magnetic field
along the c axis, there is a flattening of ρab in the ex-
tended normal-state region, which has been associated
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FIG. 4. Derivative of ρab with respect to temperature for the La2−xSrxCuO4 samples with x = 0.17, 0.21, 0.25, 0.29. The
zero-field results are shown down to 50 K for x = 0.17 and to 40 K for the others. A 3-point triangular smoothing window has
been applied; the maximum temperature step is 1 K.

with the slowing of magnetic fluctuations [75] as expected
for p < p∗. This behavior contrasts with that of the
crystals with p > p∗, where we see that ρab has reduced
magnitude and T -dependence. The insets indicate that
depressing Tc with a magnetic field results in a T -linear
extension of the normal-state behavior to lower temper-
ature.

To emphasize the strange-metal character of ρab for
p > p∗, we plot dρab/dT in Fig. 4 . If ρab varies linearly
with T , then dρab/dT should be a constant, which is
approximately the case for x = 0.21. There is some T -
dependent slope that appears for x = 0.25 and 0.29, but
this is small compared to the case of x = 0.17. Our
results are consistent with a large deviation from Fermi-
liquid behavior in LSCO for p∗ < p < pc, as previously
identified [11, 16].

Altogether, our transport results support the picture
of a transition from non-metal to strange metal in LSCO
at p ∼ p∗. There is a clear crossover in the behavior of
ρc from low-temperature insulator-like to metallic char-
acter. In ρab, there is a large jump in the residual re-
sistivity across p∗; for x = 0.17, the residual resistivity
appears to be > 250 µΩ-cm, which is above the level at
which saturation typically occurs in metals with strong
electron-phonon interactions [40–42], as discussed in the
Introduction. In particular, our results are consistent
with the thin-film data [37] shown in Fig. 1.

IV. INTERPRETATION

We have outlined our interpretation of the doping-
dependent behavior of LSCO in the introduction. In this
section, we present more supporting details, reviewing
both experimental results and theoretical analyses.

A. Spin and charge stripe correlations in LSCO

The spin stripe correlations in LSCO evolve with dop-
ing directly from the antiferromagnetic parent phase at
x = 0 [49, 76]. For x > 0.05, the spin stripes are approxi-
mately parallel to the Cu-O bonds, and they are detected
by neutron scattering at peak positions separated from
the antiferromagnetic wave vector in a direction parallel
to a Cu-O bond by an amount δa∗, where a∗ = 2π/a
and a ∼ 3.8 Å is the lattice parameter of a square CuO2

plane. The doping dependence of δ [76, 77] is indicated
by green circles in Fig. 5(b).

Most of the magnetic spectral weight is in the inelastic
response. By integrating the magnetic dynamical struc-
ture factor over excitation energy and momentum, as well
as any magnetic elastic scattering, one obtains a quan-
tity proportional to ⟨m2⟩, where m is the instantaneous
magnetic moment per Cu site. Several studies [77–80]
have provided results that collectively demonstrate the
decrease of ⟨m2⟩x for doping x relative to the result at
x = 0, as shown by the open green circles in Fig. 5(a).
(For samples at larger x, we have used available data with
ℏω < 100 meV that have been compared to lower dopings
[77, 80].) We are not aware of a comparable measure of
the charge-stripe response vs. doping.

Charge stripe order in LSCO was first detected near
x = 0.12 by hard x-ray scattering [50]. Recent reso-
nant soft x-ray scattering studies [68, 81, 82] have ex-
tend the range over which charge-stripe correlations have
been observed. The associated scattering peaks appear
at wave vectors of 2δa∗ about reciprocal lattice vectors;
the experimental values are presented as blue diamonds
in Fig. 5(b). Within the experimental uncertainties (not
shown), these charge and spin modulations (measured
at low temperature) are mutually commensurate. The
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concept that spin and charge stripes are part of the same
intertwined state, representative of strong correlations, is
supported by numerical studies of the Hubbard and t-J
models using parameters relevant to hole-doped cuprates
[83–87]. Calculations yield dynamic [88], as well as static,
stripes.

The spin stripe correlations are purely dynamic for
x ≳ 0.13 [89, 90]. Similarly, the charge stripe correlations
are also likely to be fluctuating in that range [91, 92].
Even where stripe order is detected, it can be inhomo-
geneous. Measurements with muon spin rotation (µSR)
spectroscopy [48, 93] and 63Cu [94] and 139La [95] nu-
clear magnetic resonance (NMR) studies indicate that
the charge and spin orders occur in only a fraction of the
sample volume for x ∼ 0.12. The key issue is not whether
the stripes are static, but the relative area within a CuO2

plane that they occupy.
In the Appendix, we comment on some experimental

results for LSCO thin films with x > 0.3 that have cre-
ated some confusion in the field.

B. Model of stripe-to-metal transition in the
presence of disorder

The stripe correlations in LSCO appear to evolve
smoothly with doping, with a continuous decrease in
⟨m2⟩. To model this behavior in terms of a first-order
transition from a stripe non-metal phase to a metallic
phase, we have to take account of disorder. In the ab-
sence of disorder, we assume that stripe correlations with
δ = x are present throughout the CuO2 planes for p ≤ p∗

and are replaced by conventional metal for p > p∗. To
take account of disorder, as discussed below, we will work
with p incremented in steps of 0.025; as such, the critical
doping occurs between the grid values of 0.175 and 0.2.
With this constraint, as indicated in Fig. 5(b), the model
for δ in the absence of disorder increases linearly up to
x0 = p0 = 0.175 (solid line) and then drops to zero at
x = 0.2 (dashed line).

One of the earliest analyses of the role of intrinsic dis-
order was performed by Imai and coworkers [96] to un-
derstand the distribution of 63Cu nuclear spin-lattice re-
laxation rates measured in LSCO by nuclear quadrupole
resonance. The impact of the random distribution of Sr
on the La site depends on the volume over which it is
averaged. They obtained a good fit to their data by av-
eraging over a circular area with a radius of 3 nm. In
a later analysis of 17O nuclear magnetic resonance mea-
surements on LSCO [97], they found a patch radius of
2–5 nm gave a consistent description of the data.

We assume that the effective local doped-hole concen-
tration ploc varies spatially, but averaging over a sample
yields the average value of p = ⟨ploc⟩. To calculate av-
erage values of properties that depend on p, we need to
evaluate that probability that a given value of ploc oc-
curs in the sample. Assuming that the Sr distribution is
random, we expect the probabilities to follow the Poisson

FIG. 5. (a) Relative stripe area (left axis) for the model with
no disorder (line, with step interpolated by a dashed line)
and after applying disorder (orange squares) as discussed in
the text. Right axis shows integrated magnetic signal from
neutron scattering (green open circles) [77–80], normalized to
x = 0. (b) Incommensurability δ from low–energy (2–3 meV)
SDW fluctuations measured by neutron scattering [76, 77]
(green circles) and from CDW correlations measured with
resonant soft x-ray scattering [50, 81, 82] (blue diamonds),
where the measured peak position corresponds to 2δ. These
are compared with the model for no disorder (line) and in-
cluding disorder (orange squares).

distribution [98]. The challenge is that the Poisson distri-
bution depends on the size of the region over which one
needs to evaluate. For a very large characteristic volume,
the probability distribution for ploc becomes narrow; as
the size of the relevant region decreases, the distribution
of possible values broadens and becomes asymmetric.

The relevant volume to consider is that over which in-
teractions (including long-range Coulomb) determine the
local electronic response. A plausible choice is the coher-
ence volume of the superconducting state. In Ref. 57, we
estimated that the coherence volume near optimal dop-
ing (with coherence length ξSC ∼ 1 nm [99]) corresponds
to N = 40 formula units, involving a circular area within
a CuO2 plane and extending over one unit cell along the
c-axis. If there are k Sr atoms within a particular local
volume, this corresponds to a local doped-hole concen-
tration ploc = k/N ; the average number of Sr atoms in a
unit volume is then λ = ⟨ploc⟩N . Given an integer choice
of λ, the probability P (k) that there are k Sr atoms in a
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volume is [98]:

P (k) =
λke−λ

k!
. (1)

With N = 40, our choice of p0 = 0.175 corresponds to
k0 = 7. For each value of p = ⟨ploc⟩ = λ/N , we can
calculate

⟨δ⟩ =
k0∑
k=1

P (k)
k

N
, (2)

where locally δ = ploc = k/N , and

A =

k0∑
k=1

P (k), (3)

where A is the relative stripe area (or volume) for the
sample.

For our choice of N = 40, the relative stripe area and
⟨δ⟩ are plotted as orange squares in Fig. 5(a) and (b),
respectively. The model provides qualitative agreement
with the decrease in ⟨m2⟩x with doping, and it does a
good job of describing the smooth saturation of δ vs. x
at larger x. We note that the relative stripe area reaches
a value of 0.5 for p ≈ p∗, and the doping corresponding
to maximum Tc is associated with a stripe area of ∼ 2/3.

For striped regions to determine the normal-state
transport properties, they should percolate across the
CuO2 planes. Given the quasi-2D character of the elec-
tronic correlations, we expect that the stripe percolation
threshold should correspond to A ≈ 0.5. Within our pic-
ture, it follows that p∗ should correspond to the stripe
percolation threshold.

Our model assumes the presence of inhomogeneity. We
already noted that NMR studies [96, 97] provided evi-
dence of electronic heterogeneity in LSCO. Evidence has
also been provided by observations of granular super-
conductivity in overdoped LSCO [57]. In that regime,
metallic regions far from a stripe grain would not be su-
perconducting. Consistent with that, specific heat mea-
surements show that the density of residual, unpaired
electronic states grows rapidly for x ≳ 0.21 [100].

For evidence of a mixture of striped and metallic re-
gions, we have to consider x < p∗ and perturb the sys-
tem to pin the stripe regions. One way to do this is to
change the symmetry of the lattice structure, as occurs
when changing the dopants from Sr to Ba [101]. Zero-
field µSR measurements [102] on La2−xBaxCuO4 with
0.11 ≤ x ≤ 0.17 found that the magnetic volume frac-
tion (associated with spin stripe order) was > 80% for
x ≤ 0.15 but rapidly fell to 50% for x = 0.155 and below
that for 0.17; at the same time, there was no signifi-
cant change in the local hyperfine field, which probes the
spin-stripe order parameter within the ordered volume
fraction.

C. Evidence for the stripe percolation threshold

The role of percolation has been considered previously
in terms of the intrinsic charge inhomogeneity, the as-
sociated variation in local pairing gap, and the devel-
opment of superconducting phase order as a function of
temperature [103, 104]. Our invocation of percolation in
the present case is slighlty different, as we are concerned
with the low-temperature crossover as a function of dop-
ing between local grains with stripe correlations that are
associated with strong pairing and those of conventional
metal in which intrinsic pairing is weak.
In the study of the percolation of antiferromagnetic or-

der in an insulating compound where the magnetic ions
are diluted by substitution of nonmagnetic ions, it is
possible to determine the percolation threshold through
measurements of the ordered magnetic moment and the
spin-spin correlation length. A good example is the study
of the impact of the substitution of nonmagnetic Zn and
Mg for Cu in La2CuO4 [105]. In the present case, this
is not practical, as the charge and spin stripe correla-
tions are generally dynamic at low temperature and in
the presence of bulk superconducting order. The spin-
spin and charge-charge correlation lengths of dynamic
stripes do not provide a useful measure of the evolution
of the volume fraction of stripe correlations with doping.
Application of a c-axis magnetic field can depress

the superconductivity and enhance the strength of spin
[89, 90, 106–108] and charge [109, 110] stripe orders.
There is a question, however, of how large a magnetic
field is needed to suppress all superconducting correla-
tions in LSCO and to induce stripe order. The onset
of the freezing of Cu spins can be detected by 139La nu-
clear magnetic resonance, which can be performed in high
fields. Such measurements, together with high-field ul-
trasound measurements, indicate that the magnetic field
at which the onset of spin freezing is detected rises lin-
early with x [111, 112], consistent with an extrapolation
of the onset of static spin-stripe order that was detected
by neutron scattering [89, 90]. For x = 0.17, the onset
field for spin freezing is approximately 30 T, where the
upper critical field for superconductivity is estimated to
be ∼ 50 T [111]. The signature of the spin freezing be-
comes weak for x ≳ 0.17; ultrasound indicates a weak
onset for x = 0.188, but the signature is absent for sam-
ples with x ≥ 0.21. These results are consistent with our
model. Once the volume of the stripe correlations falls
below the percolation value, it should not be possible to
induce order even by suppressing competing orders.
It is not practical to perform all measurements at such

high magnetic fields. Instead, we consider practical low-
field measures of the doping dependence of spin corre-
lations. One is provided by the magnetic susceptibility.
For isolated spins, the susceptibility follows the Curie be-
havior, growing with cooling as 1/T ; however, for a 2D
network of antiferromagnetically-coupled spins, the sus-
ceptibility decreases as correlations grow beyond nearest
neighbors [117]. The magnetic susceptibility data mea-
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FIG. 6. Comparison of doping dependence of various quanti-
ties in LSCO. (a) Magnetic correlations: Tχ (triangles) is the
temperature at which the magnetic susceptibility of polycrys-
talline samples is maximum, from a fit to 2D AFM response;
at large doping, a Curie component (maximum at T = 0)
of magnitude C (circles) dominates [113]. TZn (squares) is
the temperature at which spin freezing becomes apparent in
µSR measurements of LSCO doped withe 1% Zn [114]. (b)
EAN (squares) is the effective antinodal (pseudogap) energy
from angle-integrated photoemission measurements [115]; cir-
cles indicate 1/ρc(T = 50K) [57]. (c) Inverse square of the
magnetic penetration depth in the low T limit (circles), which
is proportional to the superfluid density [71]. (d) Tc deter-
mined by the midpoint of the Meissner magnetization [116].
The vertical dashed line (solid line) indicates p∗ (pc); solid
lines emphasize the trends of the data with doping.

sured on polycrystalline samples of LSCO show, in the
underdoped regime, a peak at a temperature Tχ, with a
decrease at T < Tχ [113], as shown in Fig. 6(a). It is
observed that Tχ drops as p → p∗, consistent with the
approach of an antiferromagnetic system to a percolation
limit. Beyond that point, a Curie-like component devel-
ops [113, 118], as one would expect in a system in which
antiferromagnetic correlations are limited to finite grains
[119].

Another probe of the spin-stripe correlations is pro-
vided by substitution of a small fraction (1%) of Zn for
Cu [120], where it has been shown that a small concentra-
tion (≲ 1%) of Zn has a similar effect on the superconduc-
tivity as a c-axis magnetic field [121, 122]. Neutron scat-
tering measurements have demonstrated that Zn-doping
enhances spin-stripe order [123, 124]. The temperature
TZn at which the spin correlations begin to freeze has
been measured as a function of doping by µSR [114];
as one can see in Fig. 6(a), TZn drops toward zero at
p∗. (Related results have been reported for Zn-doped
YBa2Cu3O6+x [3, 125].) This is consistent with a pic-
ture in which dynamic correlations that percolate across
the sample can be pinned by Zn defects, but the pinning
is no longer effective beyond the percolation threshold.

Local antiferromagnetic spin correlations associated
with spin stripes strongly scatter the electronic exci-
tations with wave vectors near (π/a, 0) and (0, π/a)
[66, 126] that correspond to the “antinodal” (AN) re-
gion, where the superconducting d-wave gap should have
its maximum. The resulting damping causes a shift in
the effective peak energy, EAN, detected by photoemis-
sion in this region [115, 127, 128]; EAN decreases with
doping, as shown in Fig. 6(b), in a fashion that correlates
with the approach to the stripe percolation limit. The
appearance of coherent AN states for p > p∗ has been
observed in Bi2Sr2CaCu2O8+δ by scanning tunneling mi-
croscopy (STM) [129] and angle-resolved photoemission
spectroscopy (ARPES) [130, 131]. In LSCO, electronic
dispersion for wave vectors along the c axis is observed
only for p > p∗ and only with an AN wave vector com-
ponent [132].

The electronic states in the AN region have a rela-
tively flat dispersion, which, in combination with being
near the Brillouin zone boundary, means that they domi-
nate the density of states near the Fermi level [133]. This
also makes the AN states and their degree of coherence
important for conductivity between planes, along the c
axis. We have already seen in Fig. 3 that the temperature
dependence of ρc crosses from insulator-like to metallic
as x crosses p∗. As a measure of the c-axis conductivity,
we plot 1/ρc, measured in the normal state at 50 K, in
Fig. 1(b) [57]. The gradual rise of the metallic conductiv-
ity in the overdoped region is distinct from the variation
of the density of states at the Fermi energy, which has a
maximum at p ∼ 0.21 due to a Lifshitz transition [133].

To provide context, we summarize in Fig. 6 experimen-
tal results for several different doping-dependent proper-
ties measured on LSCO. Figure 6(c,d) show that a mea-
sure of the superfluid density peaks at p ≈ p∗, which
is higher than the doping at which the superconducting
transition temperature, Tc, peaks. The quantity plotted
in Fig. 6(c) is the inverse square of the magnetic penetra-
tion depth (at T ≪ Tc) measured by mutual inductance
on LSCO films [71]. The data shown are consistent with
a collection of related measures of superfluid density in
LSCO summarized in Ref. [134], as well as with results
from µSR on other cuprates [135]. (The only exception
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involves the encapsulated LSCO thin films studied by
Bozovic et al. [58], where a continuous decrease of su-
perfluid density was observed for p > 0.16.)

V. DISCUSSION

A. First-order transition

We have presented the case for a first-order transi-
tion from correlated stripes to conventional metal that
is masked by disorder. Such a picture is compatible with
a recent study of in-plane optical conductivity in over-
doped LSCO [136], where a coherent Drude component
was found to grow monotonically with p, while the in-
coherent mid-infrared (MIR) component decreases in the
overdoped regime, correlates with Tc, and is absent for
p ≳ pc. We associate the MIR component with the re-
gions of surviving stripe correlations; it has previously
been shown that the energy scale of the MIR conductiv-
ity in cuprates matches well with that observed in two-
magnon Raman scattering [60, 137], which evolves con-
tinuously from the parent antiferromagnetic insulator.

Angle-resolved photoemission measurements on LSCO
[132, 133] suggest that the nominal Fermi surface under-
goes a Lifshitz transition, from a hole-like to electron-like
pocket, at x ∼ 0.21. If the system were electronically ho-
mogeneous, one would expect a corresponding change in
sign of the Hall coefficient from positive to negative; how-
ever, the sign change does not occur until p > 0.3 [116].
We suggest that the intrinsic disorder we have discussed
can explain this effect.

The model commonly used to describe cuprates is the
Hubbard model [138, 139]. It typically excludes the ex-
tended Coulomb interaction and limits the number of
atomic orbitals per unit cell, most often to one; never-
theless, even the simplified model is challenging to evalu-
ate, especially at low temperature. There is no consensus
on a phase diagram as a function of doping for the case
of intermediate coupling, relevant to cuprates, where the
bandwidth is comparable to the onsite Coulomb repul-
sion, but there are notable results.

The temperature-dependent crossover behavior in
properties such as magnetic susceptibility and ρc asso-
ciated with the onset of the pseudogap phase has been
associated with the Widom line [140], which terminates
at zero temperature in a first-order transition [141]. The
value of p at the transition is sensitive to model parame-
ters [66, 142], but is roughly consistent with the experi-
mental p∗. It is recognized that the antinodal pseudogap
is caused by antiferromagnetic spin fluctuations, as calcu-
lated with the dynamical cluster approximation (DCA)
to dynamical mean-field theory [66, 143]; in terms of
spatial correlations, the spin fluctuations are associated
with stripe correlations obtained in other calculations
such as density-matrix renormalization group [83] and
related approaches [84], including tensor-network calcu-
lations [87], as well as with DCA usig larger cluster sizes

[88]. These theoretical results are compatible with our
empirical picture.

B. Strange-metal behavior in LSCO

A common approach has been to associate strange-
metal behavior with quantum critical fluctuations of
some order parameter. We have presented empirical ev-
idence, both our own and from the literature, that the
change at p∗ is associated with a first-order transition
that is masked by disorder. If we are correct, then the
quantum-critical analyses are not directly relevant. Nev-
ertheless, models that consider antiferromagnetic fluctu-
ations [32] may have partial relevance. Low-energy in-
commensurate spin fluctuations are certainly present at
p > p∗ [77], and the weight at low frequency grows on
cooling toward Tc [144]; the difference is that they can-
not diverge at ℏω = 0 as T → 0 (when superconductivity
is suppressed), because, we argue, they are confined to
finite bubbles.
Patel et al. [23] have evaluated a model with sev-

eral possible contributions to electronic scattering; a T -
linear scattering rate is given by a component describing
spatially-random interactions. The nature of the interac-
tion is not specified, but the disorder could be consistent
with our evidence for heterogeneity.
Recent calculations within the Hubbard model us-

ing determinantal quantum Monte Carlo calculations
show promising results [64], with T -linear resistivity for
p ≳ 0.2; however, they are limited to temperatures far
above room temperature. Perhaps more significant are
calculations using the dynamical cluster approximation
that show, just beyond the first-order termination of the
strongly-correlated pseudogap phase, a non-Fermi-liquid
phase with a scattering rate that varies linearly with T
[66]; here, the calculations extend down to T of order
100 K. Importantly, it is found that, in this phase, the
main contribution to the electronic self-energy is from an-
tiferromagnetic spin fluctuations [66]. These calculations
do not explicitly include disorder, which would seem to
be different from our picture. On the other hand, an
effective model of electrons scattering from fluctuating
impurity magnetic moments yields the desired behavior
[145]. We would view the impurity moments as represen-
tative of stripe patches.

Some theorists have emphasized the role of defect scat-
tering and have proposed that it is responsible for the
decrease in Tc with overdoping [146–148]. The impact of
defect scattering on quasiparticles shows up in the resid-
ual resistivity, ρ0. We agree that there is substantial dis-
order from dopants, and we have emphasized its impact
on the evolution of correlations with doping in LSCO.
We also acknowledge that there is a significant residual
resistivity in overdoped samples. A linear extrapolation
of ρab(T ) for our x = 0.21 crystal yields ρ0 ≈ 15 µΩcm,
compatible with high-field studies [11, 36]. Dividing by
the interlayer spacing (6.6 Å) to convert to sheet resis-
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tance, we find that R0 ≈ 10−2 h/e2. For comparison, R0

for an excellent 2D conductor, PdCoO2, is 5× 10−6 h/e2

[149].
Where we differ is on the role of defect scattering as

the controlling factor in limiting Tc in overdoped sam-
ples. The analysis of dirty d-wave superconductivity
is based on weak-coupling BCS theory. We argue that
weak-coupling BCS theory is not relevant to describing
superconductivity in the cuprates. As should be clear
from Fig. 6, Tc is largest for x < p∗, where, as we have dis-
cussed, the stripe correlations dominate. In this regime,
the electronic state is non-metallic as indicated by the
high-field resistivity results in Fig. 1; the issue of resid-
ual resistivity has little relevance relative to the effects of
antiferromagnetic scattering that localize the charge car-
riers. Nevertheless, superconductivity develops in this
environment. We have argued that it is the loss of the
strongly-correlated environment that leads to the decay
of superconductivity in the very overdoped regime [57].

C. Other cuprates

Suppose our description of LSCO is approximately cor-
rect; does it have any relevance for other cuprate fami-
lies?

First consider our interpretation of a first-order tran-
sition converted to a crossover at p∗. An immediate
challenge is the observation of quantum oscillations in
YBa2Cu3O6+x [150–152]. The quantum oscillation sig-
nals, observed as a function of magnetic field at low
temperature in the absence of superconducting order,
are interpreted in terms of the Fermi surface of a con-
ventional metal [153, 154]. Experiments indicate that
quantum oscillations are observable in the doping range
0.08 ≲ p ≲ 0.18 [154, 155], where the upper limit occurs
close to the estimated p∗ [3].
Recent measurements indicate that the quantum os-

cillations come uniquely from very small pockets, pre-
sumably associated with nodal state, with no contribu-
tion coming from antinodal states [156]. This is con-
sistent with measurements of ρc, which exhibit a low-
temperature upturn for p ≲ p∗ [157–159], demonstrating
non-metallic character. For p ≲ 0.10, insulating char-
acter within the CuO2 planes was inferred from ther-
mal conductivity measurements [160]. The CDW fea-
tures seen in zero field show differences from LSCO [161];
however, antiferromagnetic spin excitations are observed
across the full range [137, 162, 163], and the incommen-
surate wave vector of the lowest-energy spin fluctuations
evolves with doping in a fashion very similar to that in
LSCO [162, 164]. While the normal-state character of
YBCO for p < p∗ is complicated, it is clear that it is far
from a conventional metal.

With respect to the role of inhomogeneity in the
strange-metal behavior, we have already noted the het-
erogeneous superconducting gap seen in STM studies
of (Pb,Bi)2Sr2CuO6+δ [165, 166]. Linear resistivity in

overdoped Bi2Sr2CuO6+δ has recently been reconfirmed
[167]. “Planckian” dissipation has also been observed in
overdoped Bi2Sr2CaCu2O8+δ [15], where angle-resolved
photoemission finds a rapid decay in the antinodal su-
perconducting gap size [168] despite the enhanced quasi-
particle coherence relative to p < p∗ [131]; STM shows
substantial heterogeneity of local superconducting gap
sizes in this system [169, 170].
Tl2Ba2CuO6+δ (Tl2201) is another system in which a

T -linear contribution to ρab has been reported for over-
doped samples [16, 171]. Measurements suggest that it is
a relatively clean system [172]: a full hole-like Fermi sur-
face has been detected by photoemission [52] on a crystal
with p ≈ 0.27, where the Hall number corresponds to 1+p
[173]. Quantum oscillations have also been observed for
crystals with p = 0.27 and 0.30 [53, 174]. In contrast,
µSR measurements [175, 176] indicated that the ratio
of the superfluid density to the effective mass decreases
with Tc on the overdoped side, which, assuming that the
effective mass does not change, is inconsistent with weak-
coupling BCS theory in the clean limit. While scattering
from defects might explain the effect, that would appear
to be incompatible with the photoemission and quantum
oscillation results. This led Uemura [177] to argue for
phase separation in overdoped cuprates between super-
conducting and normal-metal phases, which is compati-
ble with our disorder model.
Nuclear quadrupole resonance measurements in Tl2201

using 63Cu nuclei provide evidence for antiferromagnetic
spin fluctuations in the normal state that weaken with
overdoping, similar to other cuprate families [178, 179];
however, the coefficient of the T -linear contribution to
ρab, when expressed in terms of sheet resistance, is only a
quarter of that in LSCO for the same doping [16]. Hence,
the impact of spin fluctuations is probably weaker than
in LSCO, enabling more coherent quasiparticles.

VI. CONCLUSIONS

The in-plane resistivity in LSCO is observed to vary
approximately linear with temperature down to low
temperature for hole concentrations greater than p∗ ∼
0.19 and up to pc, the superconductor-to-metal tran-
sition. The cause appears to be residual, spatially-
inhomogeneous antiferromagnetic spin fluctuations asso-
ciated with residual stripe correlations. This behavior is
different from the T 2 dependence expected for a Fermi
liquid but modest compared to the non-metallic behavior
observed for p < p∗.
Below p∗, many properties exhibit the effects of strong

correlations, and in LSCO charge and spin stripes are
one consequence of these. A consistent interpretation of
a range of experimental results is achieved with the as-
sumption that there is a first-order transition between
strongly-correlated and more conventional phases. The
transition appears as a crossover at p∗ due to the presence
of intrinsic disorder of the dopant ions. The stripe corre-



11

lations percolate across the CuO2 planes for p < p∗, while
they are limited to finite puddles in the overdoped region.
Without the disorder, we expect that there would be no
superconductivity or strange-metal behavior for p > p∗.
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Appendix: Discussion of other work

1. Studies of samples at p > pc

There has been some confusion associated with an
early resonant inelastic x-ray scattering study of mag-
netic excitations in LSCO thin films with x as high as 0.4
[180]. These have been interpreted by some as evidence
that antiferromagnetic spin fluctuations are still present
beyond the superconducting dome. There are a number
of problems with this interpretation. An important one
is that the measurements do not come sample wave vec-
tors close to the antiferromagnetic wave vector. This is
because measurements with x-rays at the energy of the
Cu L3 edge cannot provide such a momentum transfer;
one can only reach the antiferromagnetic zone boundary.
That means that the measurements are essentially within
a ferromagnetic Brillouin zone. When there is antiferro-
magnetic order, then the spin-wave dispersion is the same
in both zones, though the intensity is very weak in the
ferromagnetic zone. In the absence of order, there is no
such symmetry constraint.

The measurements were also performed with a coarse
energy resolution. More recent measurements [181, 182]
with better energy resolution have shown that there is
a large change in energy width of the excitations with
doping and some reduction of intensity near the zone
boundary. Furthermore, theoretical calculations suggest
that ferromagnetic excitations may develop at high dop-
ing [183], while truly antiferromagnetic fluctuations de-
crease substantially [184].

The key point is that measurements by inelastic neu-
tron scattering on an LSCO crystal with x = 0.30 found
that spin fluctuations near the antiferromagnetic wave

vector at energies below 100 meV have negligible inten-
sity [80, 144]. The RIXS studies do not contradict this
result.
A new publication might create confusion in a differ-

ent direction. In films with x = 0.35, 0.45, and 0.6, a
diffraction peak at (δ, 0, L) with δ ≈ 1/6 has been been
seen in RIXS measurements, with little intensity change
up to 300 K [185]. This peak has been interpreted as evi-
dence of charge order. We feel that such an interpretation
is premature and questionable. In particular, one needs
further characterization of these samples and the level of
apical-oxygen vacancies, which are known to be an issue
for x ≳ 0.3 [186]. A related issue has occurred in studies
of NdNiO2 films where incomplete oxygen reduction can
result in periodic partial occupancy of apical O sites that
has been detected both by electron diffraction and RIXS
[187, 188]; the peak in RIXS can be misinterpreted as
evidence of charge order.
We have sensitivity to this issue, as one of us (JMT)

has his own experience with misinterpreting a set of unex-
pected superlattice peaks (measured by neutron diffrac-
tion in La2NiO4+δ) in terms of CDW order [189]. Fur-
ther investigation revealed that they were a consequence
of the ordering of interstitial oxygens [190].

2. Impact of larger concentrations of Zn dopants

In considering the impact of Zn doping on spin freez-
ing, as in the data of Ref. 114 shown in Fig. 6(a), we
are interested in considering the Zn as a minimal pertur-
bation that depresses the superconductivity without sig-
nificantly modifying the intrinsic stripe correlations. In
fact, Zn locally acts as a strong perturbation, preventing
the motion of holes through the Zn site, which can limit
the flipping of spins on neighboring Cu sites. From the
µSR study of Nachumi et al. [121], where the impact
of Zn was studied in steps of 0.25% in impurity con-
centration, 1% Zn is already a significant perturbation.
A study combining µSR and neutron diffraction showed
that larger Zn concentrations can depress spin-stripe and
superconducting transitions in a similar fashion [191].
Studies by Adachi et al. [192] and Risdiana et al. [193]

showed that one can enhance the magnetic volume frac-
tion measured by µSR at T < 1 K by adding more Zn.
For example, with 3% Zn in LSCO, it was possible to
detect some local magnetism for doping up to x = 0.27
[193]. We suggest that 3% Zn is a very large perturba-
tion that significantly modifies the intrinsic correlations,
and hence those results do not provide a useful measure
of the unperturbed volume fraction of stripe correlaions.
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ram, Effect of the normal state gap on the thermo-
electric power, irreversibility line and c-axis resistivity
of YBa2Cu3O7−δ, Physica C Supercond. 341–348, 855
(2000).

[160] X. F. Sun, K. Segawa, and Y. Ando, Metal-to-Insulator
Crossover in YBa2Cu3Oy Probed by Low-Temperature
Quasiparticle Heat Transport, Phys. Rev. Lett. 93,
107001 (2004).

[161] S. M. Hayden and J. M. Tranquada, Charge Correla-
tions in Cuprate Superconductors, Annu. Rev. Condens.
Matter Phys. 15, 10.1146/annurev-conmatphys-032922-
094430 (2024).

[162] P. Dai, H. A. Mook, R. D. Hunt, and F. Doğan, Evolu-
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