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stripe order (SO) satellite reflections, the stripe correlations
between the planes, the melting of the stripe order, and the
compatibility with the generic stripe phase diagram. Further-
more, there is a great lack of information for x > 1/8 because
crystal growth becomes progressively more challenging with
increasing x.

These are the issues addressed in the present study on
La2!xBaxCuO4 single crystals with 0.095 ! x ! 0.155. We
have characterized the CO with high-energy single-crystal
x-ray diffraction (XRD), by probing the associated lattice
modulation.13,14,17 That a modulation of the electron density
truly exists has been demonstrated previously in Ref. 19 for
La1.875Ba0.125CuO4 by means of resonant soft x-ray scattering.
We have investigated the SO both in the traditional way, with
neutron diffraction (ND), as well as in a less conventional
way by tracing a recently identified weak ferromagnetic
contribution to the normal state magnetic susceptibility.51

The various structural phases have been studied mostly with
XRD, and to some extent with ND, and the SC phase was
analyzed with shielding and Meissner fraction measurements.
As a result, we obtain the temperature versus Ba-concentration
phase diagram displayed in Fig. 1. One of the key features
is that CO exists over the entire range of x that we have
studied, including the two bulk SC crystals with the lowest and
highest x and maximum Tc on the order of 30 K. According
to our quantitative analysis, the stripe order for these end
compositions is already extremely weak, while it is most
pronounced at x = 1/8. In the underdoped regime the CO
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FIG. 1. (Color online) Temperature vs hole-doping phase dia-
gram of La2!xBaxCuO4 single crystals. Onset temperatures: Tc of
bulk superconductivity (SC), TCO of charge stripe order (CO), TSO

of spin stripe order (SO), and TLT of the low-temperature structural
phases LTT and LTLO. At base temperature CO, SO, and SC coexist
at least in the crystals with 0.095 ! x ! 0.135. For x = 0.155 we
identified CO but not SO, and observe a mixed LTT and LTLO phase.
In the case of x = 0.095, very weak orthorhombic strain persists at
low T . For x = 0.165 we have measured Tc only, before the crystal
decomposed. Solid and dashed lines are guides to the eye. Although
TCO, TSO, and TLT for several x were also determined with XRD and
ND, most data points in this figure are from magnetic susceptibility
measurements. Here, only TSO for x = 0.095 is from ND and TCO

and TLT for x = 0.155 from XRD.

always disappears at the low-temperature structural transition,
and for three crystals we can show that it melts isotropically.
On the other hand, the onset of bulk SC left no noticeable mark
in our CO and SO data.

The rest of the paper is organized as follows: In Sec. II we
describe the experimental methods and the choice of reciprocal
lattice used to index the reflections. In Sec. III we present four
subsections dedicated to our results on crystal structure, CO,
SO, and SC. In Sec. IV we summarize the doping dependence
of the various properties as a function of the nominal and
an estimated actual Ba content, compare our results with the
literature, and in Sec. V finish with a short conclusion.

II. EXPERIMENTAL

A series of six La2!xBaxCuO4 single crystals with 0.095 !
x ! 0.155 has been grown at Brookhaven with the traveling-
solvent floating-zone method. Previously reported results on
some of the compositions, in particular on the x = 1/8 crystal,
have demonstrated a very high sample quality.20,34–36,44,51–55

Because the compositions of the single crystals can deviate
from their nominal stoichiometry (see Ref. 56), it has been
vital to measure the structure, stripe order, and SC on pieces
of the same crystal. In Fig. 2(a) we show the unit cell of the
high-temperature tetragonal (HTT) phase, with space group
I4/mmm. Although the supercells of the low-temperature
phases LTO (space group Bmab) and LTT (space group
P 42/ncm) have a

"
2 #

"
2 larger basal plane rotated by 45$,

we nevertheless specify the scattering vectors Q = (h,k,!) in
all phases in units of (2"/at ,2"/at ,2"/c) of the HTT cell with
lattice parameters at % 3.78 Å and c % 13.2 Å.57 In order to
express the orthorhombic strain s in the LTO phase, we will
refer to the lattice constants ao and bo of the LTO supercell,
which are larger than at by a factor of &

"
2.

The XRD experiments were performed with the triple-axis
diffractometer at wiggler beamline BW5 at DESY.58 To
create optimum conditions for studying the bulk properties
in transmission geometry, most samples were disk shaped
with a diameter (&5 mm) significantly larger than the beam
size of 1 # 1 mm2, and a thickness (&1 mm) close to the
penetration depth of the 100 keV photons (# = 0.124 Å).
Counting rates are normalized to a storage ring current of
100 mA. To evaluate the x dependence of a superstructure
reflection relative to x = 0.125, we have normalized its inten-
sity with an integrated intensity ratio I (0.125)/I (x) of a nearby
fundamental Bragg reflection. For example, to normalize
the (1,0,0) and (2 + 2$,0,5.5) reflections, we have applied
the factors I(200)(0.125)/I(200)(x) and I(206)(0.125)/I(206)(x)
of the (2,0,0) and (2,0,6) Bragg reflections, respectively.

The ND data for x = 0.115, 0.125, and 0.135 were
collected with the triple-axis spectrometer SPINS located at the
NIST Center for Neutron Research using beam collimations
of 55'-80'-S-80'-open (S = sample) with fixed final energy
Ef = 5 meV. The x = 0.095 crystal was studied at triple-axis
spectrometer HB-1 at the High Flux Isotope Reactor, Oak
Ridge National Laboratory, using beam collimations of 48'-
48'-S-40'-136' with Ef = 14.7 meV. The cylindrical crystals,
with a typical weight between 5 and 10 g, were mounted
with their (h,k,0) zone parallel to the scattering plane. Doping
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Explained by Pair-Density-Wave order
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Figure 14. Top: schematic of uniform d-wave pair wave function, emphasizing that the hole density is
largely on the oxygen sites and the pair wave function changes sign when rotated by 90! (distinct shades
indicate opposite signs; online: blue = positive, orange = negative). Bottom: schematic pair wave function
of the pair-density-wave order, which has the same period as the magnetic order but with a shifted phase.
Middle panels show the modulations of the PDW state and the spin-stripe order.

remains large (and continues to grow with cooling); the susceptibility remains positive when
a weak magnetic field is applied parallel to the planes, demonstrating the absence of Joseph-
son currents between planes, which would be needed to shield the field [45,177]. With further
cooling, nonlinear voltage vs. current relations provide evidence [45] for a 2D ordering of
the superconducting phase through a Kosterliz-Thouless transition [272]. Only at a tempera-
ture of !5 K (which is quite sensitive to sample composition) does 3D bulk diamagnetism
develop.

This behavior has been rationalized through the proposal that pair-density-wave (PDW) super-
conducting order develops within the charge stripes [47,273]. In this state, shown schematically
in Figure 14, the superconducting wave function oscillates from positive to negative in going
from one charge stripe to the next; because the pinning of the charge stripes by the lattice
anisotropy rotates 90! from one layer to the next, the interlayer Josephson coupling is frustrated.

Interlayer Josephson coupling  
is frustrated.

Berg et al., PRL 99, 127003 (2007) 
Agterberg et al., ARCMP 11, 231 (2020)
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Fig. 1 Illustration of possible striped superconducting state in
La2!xBaxCuO4, and possible enhancement of Josephson tunneling
between neighboring layer by an external magnetic field. The stripe
configuration is rotated by 90 degrees between neighboring CuO lay-
ers. The superconducting order parameter oscillates along the direc-
tion perpendicular to the stripes. A magnetic field along the direction
45 degrees from the stripes (partially) compensates for the momentum
difference between superconducting orders in neighboring layers, thus
enhancing Josephson tunneling

Fig. 2 A Josephson junction between a striped superconductor and a
uniform superconductor

Assuming a rectangular-shaped junction with cross sec-
tion area A covering exactly an integer number of peri-
ods of superconducting order parameter, we expect the
critical current to be the sum of two shifted Fraunhofer
patterns:

Ic "
!!sin

"
!A(B + B0)/(!"0)

#
/
"
!A(B + B0)/(!"0)

#

+ sin
"
!A(B ! B0)/(!"0)

#

/
"
!A(B ! B0)/(!"0)

#!!, (2)

where "0 is (Cooper pair) flux quantum. The two terms
correspond to contributions from the two dominant

Fourier components of the order parameter; we have ne-
glected possible contributions from (subleading) higher
harmonics. In principle, one can extract B0 and therefore
k from the B dependence of Ic.

2. Due to the alternation of the stripe direction in neighbor-
ing CuO planes, Josephson coupling between the layer
is suppressed for a similar reason [1]. This is argued to
be the source of the suppression of interplane coupling in
the system of [2]. Using the same reasoning as in point 1,
one can in principle restore the interplane coupling, and
dramatically increase bulk superconducting temperature,
by applying a properly chosen magnetic field; see Fig. 1.
Equation (1) still applies, except now d is interlayer spac-
ing, and k is the momentum difference between the su-
perconducting order parameters in neighboring CuO lay-
ers. This implies B0 should be applied along the diagonal
(or 110) direction, and the magnitude for restoration of
interplane Josephson coupling is of order 1000 T. While
this field is too high to reach (and the system would have
been destroyed by the field anyway), superconductivity
may get enhanced by much lower fields when applied in
the correct (or 110) direction, and this might show up in
transport or other properties.

We note in closing that due to their similarity men-
tioned earlier, other methods proposed to detect FFLO-
type superconductors might also be used to probe striped
superconductors [7–9].

Acknowledgements The author thanks Steve Kivelson and Shou-
Cheng Zhang for useful discussions and encouragements. This work
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La1.45Nd0.4Sr0.15CuO4 shows similar field dependence

9q ! sin22h: (1)

However, if we use Eq. (1) to fit our resistivity data, for
example, at 20 K and 7 T, as shown in Fig. 3 (blue line), it is
obvious that the fitting curve significantly deviates from the
experimental points especially for magnetic field along
[1,0,0] direction where qc shows much steeper variations
with angular, suggesting that the fourfold symmetry are not
simply from a charge stripe pinning effect or a d-wave pair-
ing. It is not surprising that the simple empirical sin22h
description is insufficient to describe the transport property
accurately, and thus other physical details for anisotropic pa-
rameters like Hc2 need to be considered.

To study the possible intrinsic superconductivity sym-
metry associated with stripe order, the upper critical field
Hc2 can be obtained from the resistive curves measured in
different magnetic fields along the ab-plane. The temperature
dependence of the upper critical field Hc2 determined from
the resistivity drops to 90% of the normal state resistance21

was shown in Fig. 4(a), which is different for different mag-
netic field orientations. Contrasting strongly with a conven-
tional BCS superconductor, an upward curvature of Hc2(T)
was presented in Fig. 4(a) which has been reported in many
other high temperature superconductors.21,22 According to
the narrow band pairing mechanism,23,24 the experimental
data can be well described by the equation,

Hc2"T# $ Hc2"0#%1& "T=Tonset
c #3=2'3=2; (2)

where Hc2(0) is the upper critical field at 0 K. The solid lines
in Fig. 4(a) are the fitting results. In order to further analyze
the angular dependence of Hc2, we took the values of Hc2 at
several fixed temperatures from the fitting curves and plotted
the Hc2(h) curves in Fig. 4(b). It is clear that the variation of
Hc2 with angles shows a fourfold symmetry and reaches
maxima along [61,0,0] and [0, 6 1,0] directions and minima
along [61,61,0] directions.

It has been theoretically demonstrated that the in-plane
fourfold symmetric Hc2 could be resulted from a d-wave
pairing symmetry,25 and this has been experimentally
observed in high temperature superconductors without static

stripe orders, such as La2&xSrxCuO4 (x ! 0.14, 0.16, and
0.174) (Ref. 13, 14, and 17) and Pb2Sr2Y0.62Ca0.38Cu3O8.16

The magnitudes of the in-plane anisotropy DHc2/Hc2, defined
as 2"Hmax

c2 & Hmin
c2 #="Hmax

c2 ( Hmin
c2 #, are about 0.05–0.086 at

T/Tc ! 0.94–0.97. While in our case, the magnitude of DHc2/
Hc2 in stripe ordered system is !0.22 at T/Tc ! 0.96, which
is about 3 times larger than the system without stripe struc-
tures. Thus, it is difficult to explain our experimental results
simply by using d-wave pairing symmetry, as indicated by
the ill fitted resistivity curve using Eq. (1) (see Fig. 3).

In fact, the fourfold symmetry in Hc2 is closely related
to not only the d-wave pairing symmetry but also the special
stripe structure of the LNSCO crystal. It was found theoreti-
cally that the superconducting coherence length is long
(short) for parallel (perpendicular) to the charge stripe direc-
tion and the outside of the stripe is a weak superconducting
region.26 The in-plane resistivity anisotropy transport mea-
surement in single crystals of La2&xSrxCuO4 (x$ 0.02–0.04)
and YBa2Cu3Oy (y< 6.6) has demonstrated that the resistiv-
ities are smaller along the charge stripe direction which gives
direct evidence for the conducting charge stripes in cup-
rates.27 Furthermore, scanning tunneling spectroscopy study
on Bi2Sr2CaCu2O8(d

28,29 revealed that the hole-rich con-
ducting regions have a better superconductivity. Therefore, it
is expected that the charge stripes have a better

FIG. 3. Angular dependence of (a) out-of-plane resistivity qc at 20 K and
7 T. The blue and red lines are the fitting results according to Eqs. (1) and
(4), respectively.

FIG. 4. (a) Temperature dependence of Hc2 at different magnetic field direc-
tions and the solid lines are the fitting results using Eq. (2); (b) Angular de-
pendence of the upper critical field Hc2 obtained from the fitting curves in
(a) at different temperatures. The red lines are the fitting result using Eq. (3).
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Crystal System Corp.).11 The dimension of the sample for
the present measurement is 3.0! 1.0! 0.7 mm3 with the
longest edge parallel to the c-axis. Before measurement, the
sample was annealed in air at 800 "C for 48 h to attain a
proper oxygen content and achieve homogeneity. The con-
tact pads were hand-drawn with gold paint, followed by a
heat treatment at 450 "C for 30 min in air. The out-of-plane
resistance was measured by a standard ac four-probe tech-
nique using a quantum design physical property measure-
ment system (PPMS-14T). In all measurements, the crystal
was rotated around the c-axis with magnetic fields applied in
ab-plane perpendicular to the current direction. The experi-
mental setup of the resistance measurements was displayed
in the inset of Fig. 1(a).

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the temperature dependence of out-
of-plane resistivity qc in zero field from 2 K to 100 K for
LNSCO single crystal. The crystal has a structure transition
from the low temperature orthorhombic (LTO) phase to the
LTT phase at Td# 77 K. The onset superconducting transi-
tion temperature Tonset

c (defined as the 90% of the normal
state resistance) and zero resistance transition temperature
Tc0 are about 26.8 K and 13 K, respectively, which is similar
to previous report.20 In order to study the in-plane anisotropy
of the LNSCO single crystal, the temperature dependencies
of the out-of-plane resistivities qc in different magnetic fields
parallel to ab-plane were measured with different angles h
(0"-180" at 15" intervals). Here, the h represents the angle
between the magnetic field and [1,0,0] direction of LNSCO
where the tetragonal index was used and directions along

Cu-O-Cu in the CuO2 plane are expressed as [1,0,0]. In Figs.
1(b)–1(e), several representative resistivity curves were pre-
sented for h# 0", 15", 30", and 45". It is obvious that the
broadening of the superconducting transition curves for mag-
netic fields along [1,1,0] (h# 45", Cu-Cu) direction is larger
than that along [1,0,0] (h# 0", Cu-O-Cu), indicating a strong
in-plane magnetic field induced anisotropy of out-of-plane
resistivity qc, as shown in Fig. 1(f).

To further investigate the details of the in-plane anisot-
ropy, the angular dependencies of qc were measured by
rotating the sample within 360" range in magnetic fields
parallel to the ab-plane. Figure 2(a) shows the angular
dependencies of qc at a fixed field of 9 T with different
temperatures, from which one can see that the fourfold sym-
metry only exists below Tonset

c while such a symmetry disap-
pears above Tonset

c . The angular dependencies of qc at a fixed
temperature of 20 K with different magnetic fields are pre-
sented in Fig. 2(b). It was found that the fourfold symmetric
qc keeps unchanged with increasing magnetic fields and
reaches the maxima and the minima when the field is along
[1,1,0] (h# 45") and [1,0,0] (h# 0") directions, respectively.
It should be noted that there may exist a small angle between
magnetic fields and the ab-plane due to the misalignment of
the ab-plane with respect to the magnetic field but the anisot-
ropy caused by such a misalignment is of twofold symmetry.

As we know, such a fourfold symmetric q(h) has been
considered due to the vortex pinning effect caused by the
fourfold charge stripe structure11 or d-wave pairing,13 and
was described by a simple relation as

FIG. 1. Temperature dependence of out-of-plane resistivity qc of
La1.45Nd0.4Sr0.15CuO4 single crystal (a) at zero field; (b)–(e) under different
magnetic fields for h# 0", 15", 30", 45"; (f) for fields along [1,0,0] (solid
dots) and [1,1,0] (blank dots) directions. The insert in (a) displays the experi-
mental setup of the resistivity measurements.

FIG. 2. Angular dependence of the out-of-plane resistivity for LNSCO at
different temperatures (a) and magnetic fields (b). The data for 30 K have
been multiplied by a factor of 1.05. The solid lines are the fitting results
according to Eq. (4).
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dots) and [1,1,0] (blank dots) directions. The insert in (a) displays the experi-
mental setup of the resistivity measurements.

FIG. 2. Angular dependence of the out-of-plane resistivity for LNSCO at
different temperatures (a) and magnetic fields (b). The data for 30 K have
been multiplied by a factor of 1.05. The solid lines are the fitting results
according to Eq. (4).

053912-2 Teng et al. J. Appl. Phys. 113, 053912 (2013)

M.L. Teng et al., J. Appl. Phys. 113, 053912 (2013)

Interpreted in terms of magnetic flux pinning; 
but this cannot explain all of the LBCO results!
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How can we understand the observed 
dependence of Jc and ρc on in-plane H?
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LBCO x ! 0.125 have found that the impact on the 3D
superconducting transition temperature is quite modest,
even beyond the critical pressure where the long-range
structural anisotropy, assumed necessary to pin the charge
stripes, is absent [15,16]. An optical pump-probe study
of LBCO x ! 0.115 found evidence for the suppression of
charge-stripe order together with enhanced interlayer
superconducting coherence [17]; however, the dynamic
character of such measurements is not without ambiguity.
Herewe perturb a crystal ofLBCO x ! 0.115 [18]with in-

plane compressive stress applied to theCuO2 layers, using an
in situ piezoelectrically driven stress device [19–21], while
microscopically probing the spin-stripe orderwithmuon spin
rotation (!SR) [16,22–26] spectroscopy and the supercon-
ducting transitions with ac susceptibility. The details on
the !SR technique, data analysis, the uniaxial stress device,
and the sample mounting are given in the Supplemental
Material [27].
The diamagnetic response of the LBCO x ! 0.115

crystal, measured before mounting in the stress apparatus,
is shown in Fig. 1(c). The sample was zero-field (ZF)
cooled and then measured in a dc field of !0H ! 0.5 mT.
The field was applied parallel to the CuO2 planes so that the
resulting shielding currents must flow between the layers,
making the measurement sensitive to the onset of 3D

superconductivity near 11 K, consistent with previous work
[28,29]. The onset of weak diamagnetism near 22 K
corresponds to the 2D superconducting order, as confirmed
by the T dependence of the in-plane resistivity [Fig. 2(b)],
which effectively drops to zero at 22 K. Besides the SC
transition, an anomaly is seen in the resistivity data at TLTT
50 K [Fig. 2(b)], which is related to the structural phase
transition from a high temperature orthogonal (LTO) to a
low temperature tetragonal (LTT) phase.
A photograph of the !SR sample holder, which is used to

apply uniaxial stress to the LBCO-0.115 sample, is shown
in Fig. 1(d). The compressive stress was applied at an angle
of 30° to the Cu-O bond direction, denoted as [100].
A previous study of La1.64Eu0.2Sr0.16CuO4 found a rapid
enhancement of bulk Tc under in-plane uniaxial stress,
especially for stress along [110] directions [30]. To monitor
the effect of stress on superconductivity in our case, in situ
ac susceptibility measurements were performed, with an
excitation field mostly along the c axis, either just before or
after the !SR measurements, at each stress value. The
results are shown in Fig. 2(a). A comparison with the dc
measurement reveals that some stress is present even when
the voltage applied to the piezoelectric force generator is
zero, possibly due to differential thermal contraction (see
Supplemental Material [27] for the details of the device).

(a) (b)

(c)
(d)

FIG. 1. (a) The schematic temperature-doping phase diagram of La2!xBaxCuO4. The arrow indicates the present doping value.
The inset illustrates the orthogonal stripe directions between neighboring layers. The various phases in the phase diagram are denoted as
follows: charge-stripe order (CO), low-temperature orthorhombic (LTO), low-temperature tetragonal (LTT), spin-stripe order (SO), and
3D superconductivity (SC). (b) Illustration of a domain of spin-stripe and charge-stripe orders for a layer of LBCO, indicating the
periods of the charge (4a) and spin (8a) modulations. (c) The temperature dependence of the zero-field-cooled magnetic susceptibility
for La1.885Ba0.115CuO4. (d) The uniaxial stress sample holder used for the !SR experiments.

PHYSICAL REVIEW LETTERS 125, 097005 (2020)
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Uniaxial stress at 30° to Cu-O bonds 
     Stress device from Cliff Hicks, MPI Dresden 

Spin order probed by zero-field µSR at PSI 

In situ ac susceptibility to measure SC response

Z. Guguchia et al., PRL 125, 097005 (2020) 

Structure vs. stress with 100-keV XRD at PETRA-III 
     (Unpublished)
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To characterize the changes in superconducting critical
temperature, we identify the onset temperature Tc;ons
(which equals Tc;2D at zero stress) and midpoint temper-
ature Tc;mid (which is a good measure of 3D SC order
temperature Tc;3D), as indicated in Fig. 2(a), and take the
strongest diamagnetic response seen to indicate 100%-
volume-fraction superconductivity. As one can see, the
compressive stress causes a rapid linear rise of Tc;mid from
7 to 32 K (with a growth rate of 62.5 K=kbar), where it
saturates. The change in Tc;ons is much more modest.
Namely, Tc;ons increases from 22 to 32 K. Consequently, as
indicated in Fig. 2(c), the bulk transition Tc;3D rises from a
very suppressed value to the one that is quite similar to the
optimal value of SC critical temperature observed in LBCO
or La2!xSrxCuO4 (LSCO) at the same doping level [31].
The evolution of the spin-stripe order with compressive

stress was characterized by a combination of weak trans-
verse-field (TF) and ZF !SR measurements. In a !SR

experiment, positive muons are implanted into the sample,
where each muon spin precesses in the local magnetic field.
The time dependent polarization P!t" of the ensemble is
monitored by detecting the positrons ejected when the
muons decay (see the Methods section in the Supplemental
Material [27] for details). !SR is an ideal technique for
probing materials such as cuprates, where competing
phases may exist together and form microscopic inhomo-
geneity. Measuring the asymmetry between muons counted
in detectors on opposite sides of the sample and then
dividing by the maximum possible signal, one obtains the
muon polarization function PTF!t", several examples of
which are shown in Fig. 3(a). In a weak-TF measurement,
muons in regions that have no local magnetic order precess
in the small applied field. Muons that stop in regions with
magnetic order, and therefore experience the vector sum of
external and internal fields, dephase rapidly. This causes a
rapid reduction in the observable PTF!0" (see the Methods

FIG. 2. (a) The temperature dependence of the (dia)magnetic susceptibility for La1.885Ba0.115CuO4 recorded at ambient (left axis) and
under various degrees of compressive stress (right axis). Arrows mark the onset temperature Tc;ons and the temperature Tc;mid at which
"dc # !0.5. (b) The temperature dependence of the in-plane resistivity (without stress). Electrodes and contacts were placed on the
sample as schematically shown in the inset. (c) Schematic temperature-doping phase diagram, indicating the enhancement of 3D SC
critical temperature Tc;3D under stress for the LBCO x # 0.115 sample. The value of the Tc;3D under maximum stress is quite similar to
the optimal value of SC critical temperature observed in LBCO. The dashed line represents the hypothetical SC phase boundary
expected under applied stress in the broader region around 1=8 doping.
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FIG. 3. (a) The weak-TF !SR spectra recorded for La1.885Ba0.115CuO4 at the base temperature T # 3 K under various degrees of
compressive stress. (b) The zero-field !SR spectra recorded at the base temperature under various stresses. (c) The temperature
dependence of the magnetically ordered volume fraction recorded under various stresses, as deduced from the TF !SR data shown in
panel (a).
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To characterize the changes in superconducting critical
temperature, we identify the onset temperature Tc;ons
(which equals Tc;2D at zero stress) and midpoint temper-
ature Tc;mid (which is a good measure of 3D SC order
temperature Tc;3D), as indicated in Fig. 2(a), and take the
strongest diamagnetic response seen to indicate 100%-
volume-fraction superconductivity. As one can see, the
compressive stress causes a rapid linear rise of Tc;mid from
7 to 32 K (with a growth rate of 62.5 K=kbar), where it
saturates. The change in Tc;ons is much more modest.
Namely, Tc;ons increases from 22 to 32 K. Consequently, as
indicated in Fig. 2(c), the bulk transition Tc;3D rises from a
very suppressed value to the one that is quite similar to the
optimal value of SC critical temperature observed in LBCO
or La2!xSrxCuO4 (LSCO) at the same doping level [31].
The evolution of the spin-stripe order with compressive

stress was characterized by a combination of weak trans-
verse-field (TF) and ZF !SR measurements. In a !SR

experiment, positive muons are implanted into the sample,
where each muon spin precesses in the local magnetic field.
The time dependent polarization P!t" of the ensemble is
monitored by detecting the positrons ejected when the
muons decay (see the Methods section in the Supplemental
Material [27] for details). !SR is an ideal technique for
probing materials such as cuprates, where competing
phases may exist together and form microscopic inhomo-
geneity. Measuring the asymmetry between muons counted
in detectors on opposite sides of the sample and then
dividing by the maximum possible signal, one obtains the
muon polarization function PTF!t", several examples of
which are shown in Fig. 3(a). In a weak-TF measurement,
muons in regions that have no local magnetic order precess
in the small applied field. Muons that stop in regions with
magnetic order, and therefore experience the vector sum of
external and internal fields, dephase rapidly. This causes a
rapid reduction in the observable PTF!0" (see the Methods

FIG. 2. (a) The temperature dependence of the (dia)magnetic susceptibility for La1.885Ba0.115CuO4 recorded at ambient (left axis) and
under various degrees of compressive stress (right axis). Arrows mark the onset temperature Tc;ons and the temperature Tc;mid at which
"dc # !0.5. (b) The temperature dependence of the in-plane resistivity (without stress). Electrodes and contacts were placed on the
sample as schematically shown in the inset. (c) Schematic temperature-doping phase diagram, indicating the enhancement of 3D SC
critical temperature Tc;3D under stress for the LBCO x # 0.115 sample. The value of the Tc;3D under maximum stress is quite similar to
the optimal value of SC critical temperature observed in LBCO. The dashed line represents the hypothetical SC phase boundary
expected under applied stress in the broader region around 1=8 doping.
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FIG. 3. (a) The weak-TF !SR spectra recorded for La1.885Ba0.115CuO4 at the base temperature T # 3 K under various degrees of
compressive stress. (b) The zero-field !SR spectra recorded at the base temperature under various stresses. (c) The temperature
dependence of the magnetically ordered volume fraction recorded under various stresses, as deduced from the TF !SR data shown in
panel (a).
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(a) (b)

(c) (d)

(e) (f)

FIG. 1. (Color online) Resistivities vs temperature for a range of
magnetic fields, corresponding to the configurations (a) !! in H!;
(b) !! in H"; (c) !" in H!; (d) !" in H". The values of µ0H , ranging
from 9 T (red) to 0 T (violet), are indicated by values and arrow in
(c). The orientations of the measuring current I and the magnetic
field are indicated in the insets. (e) Phase diagram for H! indicating
anisotropic boundaries for the onset of finite resistivity. (f) Similar
phase diagram for H".

quantitatively similar to the curve for the loss of supercon-
ducting order reported by others in LSCO (Refs. 19 and 20)
and LBCO (Ref. 21) for very similar doping.22 The distinctive
feature here is seeing the onset of finite !" delayed to much
higher temperatures. For the case of H", summarized in
Fig. 1(f), the difference between the onset curves for finite !!
and !" is much smaller. In measurements on a closely related
material La1.6#xNd0.4SrxCuO4, Xiang et al.23 have shown that
the magnetoresistance measured perpendicular to the planes
has a fourfold oscillation as H" is rotated in the ab plane;
similar behavior may be expected in our case, although we
have not tested for it.

Returning to the results in H!, which are the main focus of
this paper, voltage versus current measurements indicate linear
resistivity at the onset of !! with nonlinear behavior at higher
currents. These observations are consistent with a model24 of
thermally induced voltage fluctuations at currents below the
interlayer Josephson critical current that has been applied in
previous studies of !! in cuprates.25–28 In contrast, !" is found
to be nonlinear in current, consistent with superconducting
order, despite the linear !!.

A complication in our sample is that there is a structural
transition that overlaps with the superconducting transition.
In LBCO, there is a transition from the low-temperature
orthorhombic (LTO) phase, also found in LSCO, to the

low-temperature tetragonal (LTT) or low-temperature less-
orthorhombic (LTLO) phase.18,29 For the present composition,
the transition is to the LTLO phase;18 however, it is a
first-order transition, with coexisting phases over a range
of temperatures. We have characterized this behavior with
neutron diffraction, thermal conductivity, and thermopower
in the following paper,30 which we will refer to as paper II. A
consequence of the transition is a reduction of the interlayer
Josephson coupling in the LTLO phase,31 resulting in the sharp
structure in !! near 27 K when modest H! is applied,30 as
apparent in Figs. 1(a) and 1(b).

An interesting feature of the LTLO and LTT phases is
that they are able to pin charge- and spin-stripe orders.18,32,33

Here, we are interested in the potential for field-induced stripe
order15–17 and possible connections with the field-induced
decoupling of the superconducting layers. We present neutron
and x-ray diffraction measurements of spin- and charge-stripe
orders, respectively, demonstrating that both are enhanced by
H!. To our knowledge, magnetic-field-induced enhancement
of charge-stripe superlattice intensity has not been reported
previously.

The apparent decoupling of superconducting layers, to-
gether with the presence of stripe order, has similarities to
the quasi-two-dimensional (2D) superconductivity found in
LBCO with x = 1/8.34,35 In the latter case, the quasi-2D
superconductivity survived in finite H!, although the onset
temperature decreased with H! much more rapidly than in the
present case. While the field dependence was not explained, a
proposed explanation for the zero-field decoupling involves
an intertwining between the superconductivity and stripe
order.36,37 The same type of intertwining might be involved
in the field-induced state.

The rest of the paper is organized as follows. The experi-
mental methods, including comparisons with previous work,
are discussed in the next section. The resistivity data and
voltage versus current measurements are discussed in Sec. III,
while the diffraction results are presented in Sec. IV. The
results are summarized and their implications are discussed in
Sec. V.

II. EXPERIMENTAL METHODS

A. Resistivity measurements

The crystals for this study were grown by the traveling-
solvent, floating-zone technique; characterizations of the
crystals are reported in paper II and in Refs. 18 and 31. The
resistivity measurements were performed at Brookhaven by
the standard four-probe technique in a Physical Properties
Measurement System (Quantum Design). Different crystals,
cut from the same parent, were used for the !! and !"
measurements, and the !" results were confirmed on a third
crystal. For !!, the crystal dimensions (l $ w $ t) were
1.7 $ 2.7 $ 1.1 mm3 with voltage and current contacts on the
a-b faces; for !", the dimensions were 8.0 $ 0.8 $ 1.3 mm3

with 2.9 mm between voltage contacts. Contacts, made with
Ag paste, were annealed at 400 %C for 1 h; the contact
configurations are illustrated in Fig. 2. In each case, contact
resistance was measured at room temperature and confirmed
to be less than 2 " before and after the transport studies. The

134513-2

Wen et al., PRB 85, 134513 (2012)

LBCO x = 0.095

EVIDENCE FOR MAGNETIC-FIELD-INDUCED … PHYSICAL REVIEW B 97, 134520 (2018)

FIG. 5. Electrical resistivity of (a) !ab and (b) !c as a function
of temperature, obtained under a perpendicular field up to 7 T.
(c) Phase diagram indicating the boundaries between the normal state,
2D and 3D superconductivity of La1.85Ca1.15Cu2O6. Large squares
(circles) represent the superconducting transition determined from !c

(!ab) with H ! c. Small squares (circles) represent Hirr determined
from " with H ! c (H " c).

of strong anisotropy in a 3D system, but that superconductivity
actually develops within bilayers before Josephson coupling
can provide 3D coherence.

V. DISCUSSION

The observed field-induced decoupling of superconducting
layers is similar to the field-induced behavior found previously
in LBCO with x = 0.095 [3,4]. Of course, the latter was similar
to the zero-field observation of decoupled superconducting
planes in LBCO with x = 0.125 [12,13]. In LBCO, the super-
conductivity coexists with spin and charge stripe order [5], and
it has been proposed that a suppression of Josephson coupling
between layers is the consequence of pair-density-wave (PDW)
superconducting order [9,35].

Could the presence of intergrowths of impurity phases
qualitatively impact our results? When the magnetic field is
applied parallel to the planes, insulating layers would allow the
field to locally penetrate the sample; however, unless there are
special pinning effects near a surface, this should not impact
the response of thick domains of the La-Ca-2126 phase. In
any case, it would only impact Hirr measured with H " c. The
decoupling effect observed in the resistivity occurs for H ! c,
where there is no obvious way for the intergrowths to impact
the anisotropic superconducting transition temperatures.

Inelastic neutron scattering measurements have been per-
formed on a large crystal of the La-Ca-2126 x = 0.15 sam-
ple [36]. Although no static spin order was observed in
association with the La-Ca-2126 phase, the bilayer magnetic
excitations were found to be gapless, the latter being similar
to the case of LBCO with x = 0.095 [37] and La2#xSrxCuO4
with x = 0.07 [38], and suggestive of intertwined order [11].
It would be interesting to test whether a c-axis magnetic field
can induce spin order.

It is notable that the region of decoupled layers in Fig. 5(c)
shows a significant correlation with the region between the
irreversibility lines determined from the magnetic susceptibil-
ity measurements with the field parallel to c or to the planes.
The irreversibility line in near-optimal Bi2Sr2CaCu2O8+# for a
c-axis field is also shifted far below the onset of diamagnetism,
and there is evidence from in-plane and out-of-plane resistivity
measurements for decoupling of the superconducting bilay-
ers [39,40]. In that case, there is a substantial gap in the spin
fluctuations belowTc [41,42]; however, charge modulations are
prevalent and enhanced by a magnetic field [43–46]. The role
of intertwined orders could provide a common connection [11].

VI. SUMMARY

In summary, we have presented experimental results of
magnetic susceptibility and electrical resistivity measurements
for superconducting single crystals La-Ca-2126 with x = 0.1
and 0.15. The magnetic susceptibility measurements confirm
the bulk superconductivity in the samples, showing a narrow
superconducting transition as well as T m

c = 54 K. From the
variation of the magnetization with magnetic field, we find that
there is a large difference in the irreversibility line depending
on whether the field is applied along the c axis or in plane.
From the transport measurements, we find that the observed
!ab is larger than expected, reflecting the impact of two non-
superconducting minority phases that develop during the high-
pressure annealing [20]. Nevertheless, we are able to identify
the resistive superconducting transition and its dependence

134520-5
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Local perturbations

16

exhibit s-symmetry form factor (Fs), this implies
that the PDW order parameter DQ

P contains com-
ponents with d-symmetry form factor (Fd), and
vice versa [ (44), section 2]. These studies (22, 43)
sustain the original GL approach (5) by showing
that an 8a0 PDWstabilized in the halo of a d-wave
vortex core does indeed generate both an 8a0 and
a 4a0 periodic chargemodulation therein.Overall,
because a d-symmetry form factor PDW is typ-
ically predicted for cuprates (6–11), its signature
within a vortex halo should be two sets of N(r)
modulations occurring atQP and 2QP, both with
s-symmetry form factor components and with
the amplitude of the 2QP modulation decaying
twice as rapidly as that at QP.
To explore these predictions, we imaged scan-

ning tunneling microscope (STM) tip-sample
differential tunneling conductance dI/dV (r, V) !
g(r, E) versus bias voltage V = E/e and location
rwith sub–unit-cell spatial resolution; no scanned

Josephson tunneling microscopy (24) was involved.
We measured slightly underdoped Bi2Sr2CaCu2O8

samples [superconducting transition temperature
Tc ~ 88K; hole doping p~ 17%] at temperature T=
2K.We firstmeasured theN(r,E) at zero field and
then at magnetic field B = 8.25 T, in the identical
field of view (FOV), using an identical STM tip
(35). The former was subtracted from the latter to
yield the field-induced changes dg(r, E, B) = g
(r, E, B) – g(r, E, 0), which are related to the
field-induced perturbation to the density of states
as dN(r, E, B) º dg(r, E, B). This step ensures
that the phenomena studied thereafter were
only those induced by the magnetic field, with
all signatures of the ubiquitous d-symmetry form
factor DW observed at B = 0 (45) having been
subtracted. Compared with our prior vortex halo
studies (35), we enhanced the r-space resolution
using smaller pixels and the q-space resolution
by using larger FOV (58 by 58 nm), increased the

Edkins et al., Science 364, 976–980 (2019) 7 June 2019 2 of 5

Fig. 1. Schematic of field-induced uni-
directional 8a0 PDW. (A) Diagram of the halo
region (gray) surrounding the vortex core (black)
of a cuprate superconductor (SC). The CuO2

plane orientation and Cu–Cu periodicity are
indicated by using a dot for each Cu site. Within
the halo, a unidirectional PDW modulation along
the x axis with periodicity 8a0, characterized by

an order parameter DQ
P !r" shown as red curve in

the top graph, is indicated schematically with
red shading. (B) Solid curve indicates envelope

containing nonzero amplitude DQ
PD

#
SC of the N(r)

modulations caused by the interaction between
the SC and PDW order parameters, plotted
along the fine horizontal line in (A) through the
vortex core. Dashed curve indicates the enve-

lope containing nonzero amplitude DQ
PD

$Q#
P of the

N(r) modulations caused by PDW itself, plotted
along the same fine line. For clarity, we ignore
the small region (less than 1 nm) at the core

where DQ
PD

#
SC must rise from zero as DSC does.

(C) Within a GL model, if the field-induced PDW
has a pure d-symmetry form factor, FP = Fd, then
two sets of N(r) modulations should appear
together. The first is N(r) º cos(QP · r) caused

by DQ
PD

#
S and indicated in Ñ(q) [the Fourier

transform of N(r)] with a solid red curve. The

second N(r) º cos(2QP · r) caused by DQ
PD

$Q#
P is

indicated in Ñ(q) with a dashed red curve. The
decay length for the 2QP modulation should be
half that of the QP modulation, meaning that
the linewidth d(2Q)P of the 2QP modulation
(dashed red) should be twice that of the QP

modulation, dQP (solid red). If the PDW has a
pure s-symmetry form factor, FP = FS, then a
different pair of N(r) modulations should appear
together. First is N(r) º cos[(QB – QP) · r],

caused by DQ
PD

#
S (solid blue line), and second

N(r) º cos(2QP · r), caused by DQ
PD

$Q#
P (dashed

blue line). Here, QB is the Bragg wave vector
of the CuO2 unit cell.

Fig. 2. Four-unit-cell quasiparticle modula-
tions at vortex halos in Bi2Sr2CaCu2O8.
(A) Topographic image T(r) of BiO termination
layer of our Bi2Sr2CaCu2O8 sample. The
displacement of every specific atomic site in
this field of view between zero field and B =
8.25 Twas constrained by post processing of all
low- and high-field data sets to be less than
10 pm [(45), section 3]. (B) Measured differential
tunnel conductance spectrum g(r, E = eV) !
dI/dV(r, V) showing how to identify the symmetry
point of a vortex core (dashed line).The full line
shows measured g(r, E = eV) at the identical
location in zero field. Yellow-shaded region indi-
cates low-energy Bogoliubov quasiparticle states
generated by the vortex. (C) Measured
dg(r, 12 meV) = g(r, 12 meV, B = 8.25 T) –
g(r, 12 meV, B = 0) showing typical examples of
the low-energy Bogoliubov quasiparticle modula-
tions (35–38) within halo regions surrounding
four vortex cores in Bi2Sr2CaCu2O8.
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B. Spin-stripe order

Our previous studies (paper I and Ref. 34) have shown
that in Zn0 weak spin- and charge-stripe order develop below
!30 K. The integrated intensity for the spin-stripe-order peak,
proportional to the square of the spatially modulated ordered
moment times the ordered volume fraction, is only a tenth
of that found for LBCO x = 1/8. The correlation length,
estimated from scans performed along the h direction, is
!120 Å, which is about a half of that of the latter sample.
Spin and charge orders are both found to be enhanced by a
transverse magnetic field.

In this work, we have measured superlattice peaks arising
from the spin-stripe order in the Zn1 sample. The magnetic
peaks appear at positions (1 ± !,±!,0) with ! " 0.1, as
indicated in the inset of Fig. 7(a). A scan at 5 K through the
(1 # !,!,0) peak is indicated by the diamonds in Fig. 7(a), with
data from the Zn0 sample denoted by circles; the intensities
have been normalized to the results from the LBCO x = 1/8
sample.47 The Zn doping has doubled the peak intensity. This
enhancement of the peak intensity is consistent with previous
works on Zn-doped La2#xSrxCuO4 (LSCO), where it has been
observed that Zn impurities increase the spectral weight for
low- and zero-energy magnetic scattering.58–61 The peak width
is approximately the same for both samples, indicating that the
Zn impurities have not significantly degraded the spin-spin
correlation length. On the other hand, the incommensurability
is slightly reduced in Zn1 compared to Zn0. This is consistent
with the estimated small reduction of Ba concentration in the
Zn1 sample and the approximately linear relationship between
the incommensurability and x at this hole concentration.62

The temperature dependences of the peak intensities are
compared in Fig. 7(b). For Zn0, the stripe-order peak intensity
increases slowly with cooling, showing a glassy behavior;
in contrast, the intensity for Zn1 looks more like the order
parameter of a second-order transition. This curve looks
similar to the impact of H$ on La1.9Sr0.1CuO4.63 We might
have expected a field to have the same impact on the
Zn0 sample, but while the field enhances the intensity, the
thermal evolution remains glasslike, as we have shown in
paper I. Impact of magnetic fields on the Zn0 sample have

(a) (b)

FIG. 7. (Color online) (a) Scans through one of the spin-stripe-
order peaks along the direction shown in the inset for Zn1 (diamonds)
and Zn0 (circles) at T = 5 K. To remove background, scans
performed at 50 K have been subtracted. Lines through data are
Gaussian peak fits. (b) Integrated intensity of the spin-stripe-order
peak as a function of temperature for the two samples. The intensities
for the Zn0 sample in a c-axis magnetic field are indicated by filled
circles (from paper I). Error bars reflect counting statistics. Lines
through the data are guides to the eye.

FIG. 8. (Color online) Scans through (0.9,0.1,0) for the Zn1
sample under zero (diamonds) and 7-T magnetic field (triangles) at
4 K with intensities normalized to the results of the La1.875Ba0.125CuO4

sample in zero field (Ref. 47). Background measured at 50 K has been
subtracted. Lines through data are fitted Gaussians.

been discussed in great details in paper I. Here, for easy
comparisons, the field effect on the spin-stripe order of the
Zn0 sample is also plotted in Fig. 7(b).

We have also applied a c-axis magnetic field to the Zn1
sample at T = 4 K; scans through the magnetic peak with and
without a field are compared in Fig. 8. The result in the field
was obtained after field cooling from above Tc; the alignment
was checked by scans through the (200)/(020) Bragg peaks to
be sure that the sample orientation was not changed by torque
due to the field.64 Determining peak areas by integrating the
measured intensities (after subtracting backgrounds measured
at 50 K), we find that the 7-T field increases the integrated
intensity by (37 ± 16)%, where the error bar is one standard
deviation.

There have been many studies on the magnetic-field effect
on the spin-stripe order in LSCO.63,65,66 In these samples,
spin-stripe order is relatively weak (compared to that of
LBCO x = 1/8) in terms of peak intensity and correlation
length. Application of an external field often results in the
enhancement of the stripe-order peak intensity, which is
interpreted as a result of the competition between stripe
order and superconductivity.63,65,66 For LBCO x = 1/8, where
spin-stripe order is maximized, and static charge-stripe order
is observed, we have shown that there is still an enhancement
by the field, but much less pronounced than those in LSCO
(Refs. 63 and 65) and LBCO x = 0.095 samples.47,51 In Ref. 50
it was reported that an applied field had no effect on the
spin-order peak intensity in LBCO x = 0.095, nominally the
same Ba concentration as studied here and in paper I. The
apparent conflict is resolved when one compares structural
transition temperatures, as differences there indicate that
the Ba concentration in the sample studied in Ref. 50 is
significantly larger than that of our x = 0.095 crystals, as
discussed in paper I.

The impact of a magnetic field has also been studied
in YBa2Cu3O6+x . Measurements by Haug et al.22,67 on
detwinned crystals with x = 0.35 and 0.45 revealed an
enhancement of the elastic incommensurate magnetic signal;
the relative change was larger for x = 0.45 where the zero-field
intensity is weaker. In contrast, Stock et al.64 studied twinned
crystals with x = 0.33 and 0.35, where no field enhancement
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of elastic magnetic intensity was observed; however, the
applied field was found to enhance the inelastic magnetic
response for energies less than 1 meV in both samples.

Our observation of a modest increment of the spin-stripe-
order peak intensity by the magnetic field in Zn1 is consistent
with the trend observed in LSCO and LBCO.63,65,66 The point
we want to make here is that Zn doping enhances the spin-
stripe-order peak intensity. The intensity is further enhanced
by applying a magnetic field, and the amount of enhancement
is comparable to that in the Zn0 sample.

C. Susceptibility

To characterize the superconducting transitions of the Zn0
and Zn1 samples, the magnetic susceptibility was measured
in a 2-Oe field applied perpendicular to the ab planes after
zero-field cooling; the results are shown in Fig. 9. The Zn0
sample has a bulk Tc of 32 K, and becomes fully diamagnetic
below 26 K. In the Zn1 sample, Tc is reduced to 17 K, and the
screening volume fraction is also reduced. In LSCO with hole
concentration close to the optimal doping level x = 0.155, Tc

is reduced to 16 K by 1.7% Zn,68 and to 8 K with 2.5% Zn.69

The suppression of the superconductivity has been success-
fully explained by the “Swiss cheese” model,70 or an identical
“island” model,69,71,72 in which each Zn impurity in a CuO2
plane suppresses superconductivity within an area of !" 2, with
" being the superconducting coherence length " ! 20 Å.69 In
this sense, the Zn-doping and magnetic-field effects are similar.
As a magnetic field perpendicular to the planes penetrates
into the superconductor, it induces nonsuperconducting vortex
cores of area !" 2 within the planes.73 For underdoped LSCO,
each type of normal core appears to induce a much larger
patch of spin-stripe order.62 For our Zn0 sample, we have
demonstrated in paper I that the vortices also enhance the
charge-stripe order.

The susceptibility shown in Fig. 9 for Zn0 has a small step
at 27 K. This is a considerably reduced version of the sharp
kink shown in Fig. 1(b) for the sample studied in Ref. 34. That
sample was taken from a different as-grown crystal rod than
the present one; nevertheless, the kink and spike are at the same
temperature, which appears to correspond to the completion
of the LTO to LTLO transition. We will return to this issue in
the discussion section.

FIG. 9. (Color online) Bulk susceptibility for Zn0 (circles) and
Zn1 (diamonds) obtained under zero-field-cooling conditions in a
2-Oe field perpendicular to the ab plane.

We can learn about superconducting fluctuations above
the transition by studying the anisotropy of the spin
susceptibility.74 The spin susceptibility # s

i (T ) is sensitive to
the orientation of the magnetic field i = c or ab. It can be
obtained from the bulk susceptibility #i using

# s
i (T ) = #i(T ) " # core " #VV

i , (1)

where # core is the core diamagnetism75 and #VV
i is the Van

Vleck susceptibility due to spin-orbit coupling between Cu
3d states. As discussed in Ref. 74, the spin susceptibility
is dominated by the paramagnetic response of coupled local
moments, with effective moments that depend on anisotropic
gyroscopic factors gi . The quantities #VV

i and gi can be
determined by a fit to the data with the assumption that #2

i /g2
i

is isotropic in the paramagnetic regime. New susceptibility
measurements55 were performed for the Zn0 and Zn1 sample,
extending to 375 K. The Van Vleck susceptibilities were
assumed to be the same as in the previous analysis (#VV

ab =
0.111 # 10"4 and #VV

c = 0.333 # 10"4 emu/mol), but a new
fit for the g factors was performed over the temperature range
150–375 K, yielding gab = 2.189 and gc = 2.566, close to the
previous values. We assume that the same parameters apply to
the Zn1 sample.

We have shown previously74 that diamagnetic fluctuations
appear well above Tc in # s

c but not in # s
ab; these are the same

two-dimensional diamagnetic fluctuations that have been stud-
ied by Li, Ong, and co-workers with torque magnetometry.76

These fluctuations appear on top of the paramagnetic response,
which scales as g2

i . Thus, to isolate the two-dimensional
superconducting fluctuations, we plot in Fig. 10 the quantity

$#dia =
!

gave

gc

"2

# s
c "

!
gave

gab

"2

# s
ab, (2)

where g2
ave = (2g2

ab + g2
c )/3. As one can see, a weak diamag-

netic response is apparent below 150 K, and it grows rapidly
on approaching Tc. The fluctuations are not significantly

FIG. 10. (Color online) Fluctuation diamagnetism obtained using
Eq. (2), based on bulk susceptibility measurements performed with a
field of 100 Oe. Inset shows same data shifted by Tc = 32 K for Zn0
and 17 K for Zn1. The unit emu/mol is equivalent to 4!cm3/mol.
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FIG. 1. (a) Temperature dependence of the resistivity (in zero
applied magnetic field) for current along the c axis (blue squares) and
parallel to the ab planes (red circles). (b) Temperature dependence of
the volume magnetic susceptibility with a field of µ0H = 0.2 mT
applied parallel to the planes, !c (blue squares), and perpendicular to
the planes, !ab (red circles). The inset shows the susceptibilities on a
linear scale near the initial transitions; linear fits to the normal state,
and extrapolated to low T , are indicated by dashed lines. Subtraction
of these fits enables the logarithmic-scale plots of the main panel.
Characteristic temperatures discussed in the text are indicated by
vertical dashed lines with labels at the top edge.

samples show similar temperature and magnetic field depen-
dence for the same orientation of current with respect to the
desired crystal axis. The reproducibility for both "ab and "c
are presented in Ref. [27]. The volume magnetic susceptibility
(defined as ! = M/µ0H , where M is the volume magnetiza-
tion in T, and µ0H is the external magnetic field in T) on a
crystal from the same slab was measured in a Quantum Design
magnetic properties measurement system with a SQUID (su-
perconducting quantum interference device) magnetometer.
100% magnetic shielding was observed at temperatures below
10 K and low fields.

Let us first consider the superconducting transition. Fig-
ure 1(a) shows the temperature dependence of "ab and "c in
zero field. "ab shows metallic behavior (data up to 300 K
are presented in Ref. [27]) above the superconducting tran-
sition, with a distinct elevation at 32.5 K in association with
a first-order structural transition [25]. The onset of in-plane
superconductivity occurs at !26.5 K, where "ab begins to
decrease below the normal-state metallic behavior; this also
corresponds to the initial rise of spin-stripe order measured

by neutron diffraction [25]. To provide a more robust mea-
sure of the resistive onset of 2D superconductivity, we define
T ab

R as the maximum of d"ab(T )/dT , which is at 25.4 K.
Upon further cooling, "ab exhibits a hump before gradually
dropping to an unmeasurably small value. The magnitude of
this hump varies among samples, and hence we believe that
it is due primarily to a small contribution from "c resulting
from a slight misorientation of the crystal faces relative to
the principle axes. For example, from the measured ratio of
"c/"ab ! 4 " 106 at 22.5 K (where the maximum in "c oc-
curs), the finite hump would be explained by a misorientation
angle of !0.29#. To estimate the 3D resistive superconducting
transition, we use the electric field criterion of E = 1 " 10$5

volt/cm and find from "c that T c
R % 17.5 K.

Figure 1(b) shows the zero-field-cooled measurement of !
on one crystal for two orientations of the external magnetic
field of 0.2 mT. With the field applied along the c axis, the
shielding supercurrent flows within the ab planes and we
label it !ab; with the field parallel to the planes, the shielding
current is limited by its component along c, so it is labeled
!c. From !ab, the onset of a diamagnetic decrease occurs
at T ab

M = 26.2 K, similar to T ab
R ; absolute diamagnetism is

established below 20.5 K. No detectable diamagnetism in
!c (beyond the noise level of 5 " 10$6) was found until the
temperature was reduced below T c

M % 18 K, indicating onset
of Josephson coupling between the superconducting planes,
consistent with T c

R . Now, the response below this transition
only reaches about 10% of full shielding. Another transition
occurs at T ab

FS % 12.5 K (and, equivalently, T c
FS) that leads to

full shielding at low temperature.
Next, we consider the field dependence of the resistivities.

As shown in Figs. 2(a) and 2(c), even a modest c-axis mag-
netic field causes both the temperature of the initial drop in
"ab, corresponding to T ab

R , and the approach of "c to zero, at
T c

R , to decrease fairly rapidly, although they remain distinct.
(Here, by plotting the log of the resistivities, we can see
that both "ab and "c approach zero at very similar tempera-
tures.) When the field is applied parallel to the planes (and
perpendicular to c), as in Figs. 2(b) and 2(d), the transition
temperatures decrease much more slowly. This anisotropic
response is consistent with the previous observations on the
Zn-free sample [23]. When the field is parallel to the planes,
it has minimal impact on the superconductivity within the
planes, which is the dominant factor in determining the tem-
perature at which the resistivities approach zero.

The dependence of the diamagnetism on the strength of the
field is shown in Fig. 3. Here the range of fields (0.02 mT
to 0.5 T) is much smaller than that used in Fig. 2 (0.1 to
14 T). For the case of !ab, as shown in Fig. 3(a), the transition
T ab

FS does not shift much at low fields, but once it starts to
decrease, the degree of shielding also rapidly decreases. In
the case of !c, in Fig. 3(b), the amazing thing is that the
degree of shielding decreases much more rapidly than the
transition temperature. Measurements of M vs H indicate that
the interlayer superconducting phase stiffness is not sufficient
to shield µ0H > 2 mT [27]. This loss of shielding occurs even
though the resistive transition T c

R is relatively insensitive to the
plane-parallel field, as we saw in Fig. 2(d).

We summarize our results with two forms of H vs T phase
diagram in Fig. 4, where we consider only H & c. In order
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FIG. 1. (Color online) Diagrams indicating out-of-plane dis-
placements of the in-plane oxygens in the low-temperature or-
thorhombic (LTO), low-temperature less-orthorhombic (LTLO), and
low-temperature tetragonal (LTT) phases; space groups listed under
acronyms. + (!) indicates displacement above (below) plane;
line thickness reflects magnitude of displacement. There are two
inequivalent in-plane O positions in LTLO and LTT, but all are
equivalent in LTO.

The rest of the paper is organized as follows. The following
section describes the experimental methods. The experimental
results, including the characterization of the superconducting
transition of the sample and the neutron scattering measure-
ments of spin correlations and soft phonons, are presented
in Sec. III. We discuss these results, their relevance to the
concepts of spatially modulated superconductivity and stripe
pinning, and their connection to other recent work in Sec. IV.
The paper is summarized in Sec. V.

II. EXPERIMENTAL METHODS

The crystals of La1.93Sr0.07CuO4 were grown at Brookhaven
in an infrared image furnace by the traveling-solvent floating-
zone method [24,25]. After growth, the diameter of the
cylindrical crystal was approximately 6 mm. The supercon-
ducting transition was determined from a measurement of
the temperature dependence of the magnetization using a
commercial SQUID (superconducting quantum interference
device) magnetometer on a small piece of the crystal.

For neutron scattering, two large crystals were cut from
the original rod, with a total mass of 19 g. Prior to each
measurement, the two crystals were co-aligned at room tem-
perature to yield the total effective mosaic !0.8", consistent
with the #0.5" mosaic of each of the two pieces. (For a photo
of the co-mounted crystals, see inset of Fig. 3.) The domain
structure of the low-temperature phase was characterized on
the triple-axis spectrometer HB1 at the High Flux Isotope
Reactor (HFIR), Oak Ridge National Laboratory (ORNL).
The measurement was performed with a fixed final energy
of 13.5 meV and collimations of 15$!20$!20$!240$. Further
measurements were carried out on the SPINS cold-neutron
triple-axis spectrometer at the NIST Center for Neutron
Research (NCNR). With the c axis vertical, scattering wave
vectors Q = (h,k,0) were accessible in the horizontal scat-
tering plane. Wave vectors will be expressed in units of
(2!/a,2!/b,2!/c) with the measured low-temperature lattice
parameters a = 5.324 Å, b = 5.385 Å, and c = 13.2 Å. Based
on neutron powder diffraction measurements, the crystal
structure previously has been identified as LTO phase [26].

Next, the sample was transferred to the Spallation Neutron
Source (SNS), ORNL, where it was studied on the HYSPEC
instrument (beamline 14B) [27]. In the transfer, a 2.7-g piece

of crystal came loose and was removed, leaving a sample mass
of 16.3 g. The sample was mounted in a Displex closed-cycle
cryostat. Measurements were done with a fixed incident energy
of either 8 or 27 meV and a chopper frequency of 300 Hz. The
graphite-crystal array in the incident beam was set for vertical
focusing. The energy resolution (full-width half maximum)
near elastic scattering is %0.25 meV for Ei = 8 meV and
%1 meV for Ei = 27 meV. For a typical measurement, the
detector tank was placed at a mean scattering angle of either
33" or 80", and then measurements were collected for a series
of sample orientations, involving rotations about the vertical
axis in steps of 1". (The position-sensitive detector collects
neutrons for scattering angles of ±30" in the horizontal and
±7.5" in the vertical direction.) From such a set of scans,
a four-dimensional (4D) data set was created and analyzed
with the MANTID [28] and HORACE [29] software packages.
Slices of data corresponding to particular planes in energy and
wave-vector space can then be plotted from the larger data
set. For reference, the beam power was %0.85 MW, and the
counting time for a single 4D data set was roughly 6 h.

III. RESULTS

A. Sample characterization

The bulk magnetic susceptibility measured at low field on a
piece of the LSCO x = 0.07 sample is shown in Fig. 2(a). As
one can see, the bulk transition is at 20 K. The data have been
corrected for the demagnetizing factor, and within the 10%
uncertainty of that correction, the superconducting shielding
fraction is consistent with 100%. Measurements on pieces
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FIG. 2. (Color online) (a) Bulk susceptibility of the LSCO
x = 0.07 sample measured with a 20 G magnetic field applied along
the c axis both for field cooling (FC) and zero-field cooling (ZFC)
conditions. (b) Comparison of magnetic susceptibility measured
in a 1-T field applied either along an in-plane Cu-O direction
(open circles, labeled H&a) or along the c axis (filled circles)
after scaling by the anisotropic g factors taken from [30]. Inset
shows the difference between these scaled susceptibilities, indicating
that diamagnetism within the CuO2 planes sets in below %80 K.
[To convert the susceptibility to SI units of H m2/mol, multiply
emu/mol by (4! )2 ' 10!13.]
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No preferred direction for CO
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La1.875Ba0.125CuO4 (which has the strongest zero-!eld CDW order).
With increasing doping, the LSCO CDW becomes somewhat stronger
for x= 0.17 and drops appreciably for x= 0.21 (see Supplementary
note 4). Consequently, CDW correlations can have an appreciable
effect on the physics of LSCOx for dopings through xc.

DISCUSSION
Figure 4 summarizes our main observations—that CDW correla-
tions exist far into the overdoped regime of the cuprate phase
diagram. This immediately yields three important consequences
for LSCO. Firstly, very similar CDW properties are observed either
side of the Lifshitz transition. This provides a vivid demonstration
that CDW correlations cannot be explained within a weak
coupling FS nesting picture nor Friedel oscillations. Instead, the
nearly constant QCDW for dopings x ! 0.125 support strong
coupling mechanisms, which date back to seminal work in the
late 1980s2–4. In these mechanisms, one considers the balance
between Coulomb interactions and kinetic energy. When doping a
Mott insulator, holes can save energy by clustering together as
this breaks fewer magnetic bonds than widely dispersed holes. At
the same time, this clustering is disfavored by the increased
Coulomb repulsion and kinetic energy reduction. Since these
different interactions act on different lengthscales, the overall
minimum energy solution is expected to involve a spatially
modulated state. Modern numerical solutions of the Hubbard
model further support this idea41–43 and models based on !lled
stripes can reproduce a doping-independent CDW wavevector
from x= 1/8 to x= 1/444. We also note that precursor CDW

correlations are emerging as a ubiquitous feature for many
cuprates, including LSCO in this study, underdoped LBCO40,
underdoped and optimally doped YBCO33, underdoped Bi221245,
and HgBa2CuO4+!

46. In underdoped and optimally doped YBCO,
the precursor correlations appear to exist at the same wavevector
around 0.3 r.l.u. different to the doping-dependent low-tempera-
ture CDW33. It would consequently be interesting to consider a
possible role for strong coupling mechanisms for all cuprates. An
obviously desirable experiment would be to test whether other
cuprates, such as YBCO, also exhibit CDW correlations up to
similarly high dopings as LSCO. Such experiments are, however,
currently held back by challenges in stabilizing high-quality
heavily overdoped YBCO crystals. The robust presence of CDW
correlations in LSCO seen here as a function of temperature and
doping, as well as the fact that model Hamiltonian calculations
reliably predict CDW correlations41–43, would point towards their
likely presence. The issue of differing wavevectors in different
cuprates would, however, not necessarily be solved by such an
experiment. In this regard, it is important to point out the low-
temperature ordering wavevector can be in"uenced by coupling
between the CDW and spin correlations or coupling between the
CDW and the lattice, as has been suggested theoretically47, so
differences in CDW wavevectors could arise from secondary
interactions rather than necessarily indicating a distinct origin for
the correlations. Prior work has pointed towards this as a possible
explanation for temperature-induced changes in CDW wavevector
in LBCO32.
A second immediate conclusion is that the continuous

evolution of the CDW correlations is inconsistent with the
proposed QCP that is associated with xc arising from CDW or
coupled CDW/spin density wave order6,10. Such theories can still
be excluded even if one postulates a very narrow range of
criticality around xc, since they require either a disappearance or a
symmetry change of the CDW through xc.
Last but not least, the disappearance of CDW in

LSCO25 suggests that the CDW dome in LSCO terminates
between x= 0.21 and 0.25, where the Fermi-liquid behavior starts
to recover21,24,25. This is, again, consistent with a strong coupling
CDW mechanism as Coulomb repulsion is largely screened in the
Fermi-liquid state. We note that in LSCO, the structural high-
temperature tetragonal to low-temperature orthorhombic (LTO)
phase transition also terminates near x= 0.2148. It has been
argued that the local LTO distortion may help to stabilize the
CDW49. The persistence of CDW correlations up to x= 0.21
observed in this study is consistent with this scenario and
indicates that electron-phonon coupling might be an important
ingredient for the CDW formation38,39.
The observations herein also urge a re-examination of the

potential role of CDWs in the anomalous electronic properties of
the cuprates. CDW correlations are a prerequisite (but not a proof)
of several prominent theories of cuprate properties, which would
be expected to apply across the phase diagram and not just in the
underdoped region where CDW correlations have been studied
extensively in the past. This include the possibility that CDW
correlations play a key role in the electronic transport proper-
ties6,10. Theories of pair density wave order1,31,50,51, which predict
competition between the CDW and uniform d-wave super-
conductivity, also fall into this category. As shown in Fig. 3,
neither the CDW peak intensity nor the CDW correlation length
shows the type of divergent-behavior associated with a typical
phase transition. This behavior is consistent with a possible
"uctuating CDW component, potentially in"uencing cuprate
transport properties24–27,33.
Finally, we note that a charge Bragg peak has recently been

observed in overdoped (Bi, Pb)2.12Sr1.88CuO6+! (Bi2201), with a
maximum doping comparable to that observed here19. This state,
termed re-entrant charge order, has several properties that are
different to CDW states in LSCO and other cuprates. Re-entrant
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Fig. 4 Illustration of the extent of CDW correlations in the cuprate
phase diagram suggested by this work. Green-yellow tones
represent our main result—the presence of CDW correlations, from
0.12 < x < 0.21. Green denotes the precursor CDW, which appear at
high temperature and which have a correlation length of
approximately one CDW period32,33,39,40. At lower temperature, the
correlations start to grow into larger CDW domains, as evidenced by
the increased correlation length, which we denote by the yellow
tone. Red points mark where the correlation length starts to
increase. This should be considered an approximate cross-over and
not over-interpreted as a well-de!ned phase transition. At lower
temperatures still, bulk d-wave superconductivity intervenes at TSC
whereupon both the CDW amplitude and the correlation length
saturate or start to decrease. The doping dependence reveals an
anticorrelation between T" and TSC, providing evidence for an
interaction between the CDW and superconductivity. This is
illustrated by the cartoon in the bottom of the diagram in which
superconducting pairing (green spin pairs) suppress the CDW
(yellow solid and dashed sinusoidal curves). The CDW intensity
disappears in heavily overdoped LSCO25, where a Fermi-liquid-like
state is recovered (Supplementary notes 3 and 5). The red diamonds
re"ect the present study. Pink squares and green circles are data
from previous work16,17,36,52.
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Fermi level. It should be noted that the carrier concentration
determined by the FS area is signi!cantly larger than the nominal
Sr doping. The origin of this effect remains unresolved34,35.
Nevertheless, the well-established FS evolution in LSCO can be
used to con!rm the Sr doping in this study. Figure 1c–e shows
ARPES measurements for LSCO12, LSCO17, and LSCO21. An
electron-like FS is observed in LSCO21, consistent with xc= 0.19
and in agreement with previous ARPES studies34,35.

CDW order
Having con!rmed the electronic structure, we now present our
main experimental !nding of CDW correlations beyond xc. Figure 2
plots X-ray reciprocal space scans for LSCO21 at T= 16 K, where
reciprocal space is de!ned in terms of scattering vector Q= (H, K,
L) using effective tetragonal lattice constants a= b ! 3.8 ! and c !
13.2 !. High sensitivity is achieved by exploiting the high
brightness of the National Synchrotron Light Source II (NSLS-II)
and by careful con!guration of the detection system to suppress
background signal (see Methods section). Superlattice peaks are
observed at (0.235, 0, 12.5), and equivalent locations, along both
the H and K directions [Fig. 2a, b]. The observed H= 0.235
matches the CDW wavevector in underdoped LSCO16–18,36 and is
consistent with the charge stripe picture5. The peaks are
symmetric with respect to ±H and K and are observed in multiple
Brillouin zones including (±0.235, 0, L) for L= 8.5 and 12.5. An L-
scan along Q= (!0.235, 0, L) [Fig. 2d] reveals that the CDW

intensity is broadly peaked at half-integer L similar to underdoped
LSCO17,18,37. These results demonstrate the presence of CDW
correlations beyond xc. Subsequent inelastic X-ray scattering
studies show that the CDW is associated with phonon softening
even in the overdoped regime38.

CDW temperature dependence
Figure 3 summarizes the doping and temperature dependence of
the CDW correlations. In Fig. 3a, Lorentzian-squared !ts to the
data are shown, which are parameterized in terms of amplitude,
ICDW(T), and in-plane correlation length, !!(T)= 1/HWHM (where
HWHM is half-width at half-maximum) (see Supplementary note
2). Since domain formation can lead to transverse peak splitting in
LSCO [c.f. refs. 16,18,36 and Fig. 3a], we scanned through the peaks
in all three reciprocal space directions. Two Lorentzian-squared
functions displaced in the K (transverse) direction were used,
where necessary, to account for the full intensity distribution. Peak
widths and correlation lengths are determined using the H
(longitudinal) cut. ICDW(T) is found to be largest near TSC for all
dopings [Fig. 3b]. Above TSC, both ICDW and !!(T) decrease with
increasing temperature but remain !nite up to at least T= 90 K
[Fig. 3a]. In agreement with previous X-ray diffraction studies of
LSCO16,17,36, the correlation length can be separated into a
marginally-ordered regime where !!(T) is ~4-unit cells (about one
period of the CDW order), and a strongly T-dependent regime
where !!(T) continues to expand until superconductivity

H
ol

e
do

pi
ng

La2-xSrxCuO4

250

200

150

100

50

0

Te
m

pe
ra

tu
re

 (K
)

0 0.05 0.1 0.15 0.2 0.25

Doping (x)

xc

T*

AFM

SC fluctuations

Strange 
metal

0.3

FL
SC

LSCO12 LSCO17 LSCO21c d e

a b

SP

(1/2, 1/2)

(1/2, 0)

High

Low
Intensity (arb. units)

Fig. 1 Doping-dependent electronic structure of LSCO. a Phase diagram of the hole-doped cuprates, constructed from magnetization,
Nernst effect, and resistivity data for LSCO20,52. T* is the extracted pseudogap onset temperature20,52. b Schematic band structure of LSCO. The
Fermi energy, EF, crosses the anti-nodal saddle point (labeled as SP) near xc ! 0.19 triggering a Lifshitz transition. c–e Fermi surface topology of
LSCO12, LSCO17, and LSCO21. The intensity plots are obtained by integrating the spectra within ±10meV of EF. Orange dashes outline the
antiferromagnetic Brillouin zone. Red dashed contours represent a tight-binding !t of the Fermi surface (see Supplementary note 1). The data
shown in c–e were collected at 11 K.

H. Miao et al.

2

npj Quantum Materials (2021) ���31� Published in partnership with Nanjing University

12
34

56
7
89

0(
):,
;

H. Miao et al., npjQM 6, 31 (2021)

10

(a)

O
r
th

o
rh

o
m

b
ic

S
tr

a
in
�(
%
)

T (K)

Ts = 232(3) K

Ts = 214(2) K

(b)

In
te

g
ra

te
d

In
te

n
s
it
y

(I
I)

T (K)

⇥10

1

FIG. 7. (a) Orthorhombic strain, � = (b � a)/[0.5(b + a)],
vs. temperature for crystals of LSCO x = 0.17, 0.21, and
0.25, determined from twinned (2, 0, 0)/(0, 2, 0) reflections.
Error bars for the x = 0.25 results indicate the resolution-
limited uncertainty. (b) Integrated intensity of the (0, 3, 2)
orthorhombic superlattice peak normalized to the (2, 0, 0) in-
tegrated intensity for x = 0.21 and 25. For x = 0.17, the
integrated (3, 2, 1) intensity is normalized to the x = 0.21
result at base temperature. The fitted curves (lines) are pro-
portional to (1� T/Ts)

2� , with � values in the range of 0.16
to 0.33.

Appendix A: Structural characterization of crystals

An initial measurement of single-crystal neutron
di↵raction for the x = 0.21 sample on the Wide-Angle
Neutron Di↵ractometer (HB-2C) at the High Flux Iso-
tope Reactor (HFIR at Oak Ridge National Labora-
tory) provided clear evidence of orthorhombic superlat-
tice peaks at T = 200 K, which was a surprise, as dis-
cussed below. This observation motivated us to deter-
mine the temperature dependence of the structure of each
of the three compositions (x = 0.17, 0.21, and 0.25) on
triple-axis spectrometers at HFIR. There, each sample
was mounted in a closed-cycle He refrigerator, with the
c axis approximately vertical. The x = 0.21 crystal was
studied on HB-1, where twinned (2, 0, 0)/(0, 2, 0) reflec-
tions were measured with a Si (111) analyzer and hori-
zontal collimations of 480-200-200-300. The intensity of the
(0, 3, 2) superlattice peak was measured with a PG (002)
analyzer and 480-400-400-1200 horizontal collimations; the
peak was reached by tilting the crystal with the sample

goniometer. The x = 0.17 and 0.25 samples were stud-
ied on HB-3, with a Si(111) monochromator, PG(002)
analyzer, and collimations of 480-600-600-1200. All mea-
surements were done with a neutron energy of 13.5 meV.
For the x = 0.17 sample, the (0, 3, 2) reflection could not
be reached, so (3, 2, 1) was measured instead. The results
for the orthorhombic strain, � = (b� a)/[0.5(b+ a)], and
the relative intensities of the superlattice reflections as a
function of temperature are plotted in Fig. 7.
The detectable low-temperature orthorhombic strain

and high orthorhombic-tetragonal transition tempera-
ture of the x = 0.21 sample are di↵erent from the early
powder di↵raction work [106], which found the struc-
tural transition to reach T = 0 for x ⇡ 0.21. Of
course, the structure is sensitive to oxygen content [3]
and could be sensitive to grain size, as structural dif-
ferences between powders and crystals of the related sys-
tem La1.6�xNd0.4SrxCuO4 have been reported previously
[107]. That the strain and structural-transition temper-
ature are slightly higher for x = 0.21 than for 0.17 is
unexpected, as these quantities are typically observed to
decrease monotonically with doping [106]. In contrast
to this unusual feature, superconducting transition tem-
peratures of these crystals, as indicated in Fig. 1, are
comparable with those from other recent single-crystal
studies [10]. Furthermore, angle-resolved photoemission
measurements [63] demonstrate that the x = 0.17 and
0.21 crystals are on opposite sides of the Lifshitz transi-
tion (xc ⇡ 0.2), where the nominal Fermi surface changes
from hole-like to electron-like [73, 75].
What is the significance of this di↵erence in transition

temperature with doping? The impact of the substitu-
tion of Sr2+ ions for La3+ is to create local disorder that
impacts the long-range ordering of octahedral tilts. As in
the anisotropic random-field Ising model [108], increasing
disorder leads to a reduction in the ordering temperature

FIG. 8. ARPES intensity map of the LSCO film, integrated
over EF ±15 meV. The solid curve represents a tight-binding
fit to the mapped Fermi surface. The doping level is estimated
to be p = 0.35.

Y. Li et al., arXiv:2205.01702
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ing into the disordered state at 65 K, ! grows by a large
amount at low frequencies, but changes relatively little for
"#$8 meV. Now, this measurement is just along a direction
perpendicular to the stripes. To check for anisotropy, we also
measured the Q-width of the inelastic scattering for "#
=4 meV at 30 K and 65 K for a direction parallel to the
stripes. At 30 K the peak widths are isotropic within experi-
mental uncertainty; however, at 65 K the width perpendicu-
lar to the stripes is roughly twice as large as that parallel to
the stripes. Such an anisotropy might result from fluctuations
in the stripe spacing. Time restrictions prevented a more
comprehensive investigation of the peak-width anisotropy.

IV. DISORDERED STRIPES IN LBSCO

A. Experimental measurements

In studying the La1.875Ba0.075Sr0.050CuO4 crystal, we per-
formed mesh scans at an excitation energy of 4 meV, map-
ping out the magnetic scattering in the neighborhood of
QAF= !0.5,0.5,0" for several temperatures. All of the mea-
surements were in the LTO phase, where there is no static
stripe order. To present the results, it is convenient to change
to the orthorhombic coordinate system (the system in which
the mesh scans were performed), which is rotated by 45°
from the tetragonal one, with a change in the lattice param-
eter to a0=#2at. In this rotated system, QAF becomes (1,0,0).
The data are shown in Figs. 10(a), 10(c), and 10(e); a
temperature-independent background, monotonically varying

in Q, has been subtracted, and the intensities have been cor-
rected for the Q dependence of the Cu2+ magnetic form
factor.74 In order to improve the counting statistics, we have
assumed four-fold symmetry of the data about QAF and have
averaged the data over the corresponding rotations and re-
flections to give Figs. 10(b), 10(d), and 10(e). (The spec-
trometer resolution used was somewhat coarse, which re-
duced the data collection time but masked any anisotropy in
the peak widths at 40 K.)As one can see, the four peaks shift
in towards QAF on warming, eventually merging by 200 K.

B. Model calculations

Given the shifts in the IC magnetic peaks with tempera-
ture, we want to test how well the measurements can be
described within a stripe model and what the data tell us
about the nature of the stripe correlations. We will assume
that the Q dependence of the low-energy fluctuations reflects
the correlations within an instantaneous configuration of dis-
ordered stripes. One source of disorder comes from the po-
sitions of the charge stripes that define the magnetic
domains.73 Given a particular instantaneous configuration of
stripes, we also expect there to be a finite spin-spin correla-
tion length. To combine these two types of disorder, we per-
formed numerical calculations. (We have also considered
transverse fluctuations in the stripe positions, but found that
the level of agreement with the measurements was not sen-
sitive to this additional form of disorder, so we neglect it
here.)
The numerical calculations were performed on an array of

128%128 sites. The site n was assumed to have either an up

FIG. 8. Temperature dependences of (a) local spin susceptibility
&!, (b) peak width (half width at half maximum) !, and (c) incom-
mensurability ' at the energy transfers of 3 and 6 meV in
La1.875Ba0.125CuO4. Vertical lines indicate Tst and Td2. Dashed lines
are guides to the eye.

FIG. 9. # dependence of (a) incommensurability ' and (b)
resolution-corrected peak width (half width at half maximum) ! of
IC peaks for La1.875Ba0.125CuO4. Open circles denote 30-K data;
solid circles, 65 K; open squares, 200 K.
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Fig. 2. Identification of the high-temperature CDW. (A–F) RIXS intensity at 54, 59, and 90 K cutting through the observed peak in the quasi-elastic intensity
as a function of H (A–C) and K (D–F). A peak in the quasi-elastic intensity is seen in the vicinity of QCDW alongside an increase in the inelastic intensity. Inset in
C displays an intensity map at 90 K taken with a different off-resonant X-ray energy to reduce the sensitivity to the valence electrons. This was multiplied by
a factor of 10 to make the signal visible on the same color scale. (G and H) The quasi-elastic intensity calculated by integrating A–F, confirming the presence
of the peak. (I) Comparison of scans in the H and K directions showing similar widths parallel and transverse to the CDW, similar to the low-temperature
behavior (Fig. 1 C and D). As discussed in Results, this scattering demonstrates the presence of high-temperature CDW correlations. Error bars in G–I come
from Poisson counting statistics.

allowing the association of the high temperature state observed
here with the low-temperature behavior of other compounds.
As can be seen in Fig. 3B, for temperatures below 55 K, the
incommensurability of the CDW and SDW appears to be locked
by a factor of two, which is a well-known property of 214-type
cuparates (7–10, 28). Upon heating above 55 K, we see strong
violation of this relation [Fig. 3B]: The CDW correlations evolve
away from H ⇡ 1/4 and away from twice the incommensurabil-
ity of the SDW (i.e., the CDW and SDW decouple) (10).

We further tested the nature of the CDW/SDW state and its
charge–spin coupling by changing the RIXS geometry to mea-
sure the magnetic excitation spectrum in the same Q range (see
SI Appendix, Fig. S1) (32). Inelastic neutron scattering has been
applied extensively to study the magnetic excitations around
QSDW, finding an “hourglass”-shaped dispersion (35, 47, 48).
RIXS can study the magnetic spectrum around QCDW, a region of
reciprocal space in which stripe-related effects have never been
observed. Fig. 4 A and B shows the resulting spectral intensity
above that is dominated by damped spin wave excitations called
paramagnons (49–52). In Fig. 4C, we fit the paramagnon disper-
sion (see SI Appendix for more details) and compared it to the dis-
persion expected for a standard Néel antiferromagnet (AF), find-

ing a softening of the excitation energy over a broad range of recip-
rocal space around QCDW. The significant deviation observed at
low temperatures shows that stripe formation modifies the short-
range spin correlations around QCDW at low temperature, but
this coupling is much reduced at higher temperatures, consistent
with a weakened charge–spin coupling above the transition. There
have been extensive efforts to model such stripe-related modifi-
cations in the spin excitation spectrum, as this provides a means
to develop detailed models for the character of the ground state
(35, 48, 53–57). These theories do a good job of capturing the
magnetic dispersion around QSDW, but none of these theories ade-
quately capture the dispersion around QCDW. We discovered that
a partially ordered CDW state with meandering charge stripes
(Fig. 4D, Inset), as constrained by the measured charge scattering,
does successfully capture the observed modification in the mag-
netic dispersion. Fig. 4D plots our calculations (see Materials and
Methods for full details). Despite the simplicity of the model, it
captures what is observed in Fig. 4C, confirming that we have
identified the essential features of the ground state. Calcula-
tions based on a perfectly stripe-ordered crystalline CDW pre-
dict several sharp modes which are not observed (see SI Appendix,
Fig. S8).

12432 | www.pnas.org/cgi/doi/10.1073/pnas.1708549114 Miao et al.

P
H

Y
S

IC
S

A B C

Fig. 3. Decoupling of the CDW and SDW in the high-temperature phase. (A–C) The results of fitting the quasi-elastic intensity showing (A) the full width
at half maximum, (B) the incommensurability, and (C) the intensity at the peak. The black dashed line at 54 K corresponds to the LTT–LTO (low-temperature
orthorhombic) structural phase transition which is depicted in B, and blue and yellow code temperatures below and above this threshold (29). The orange
dashed line at 42 K in C represents the static SDW transition. The behavior of the SDW, taken from inelastic neutron scattering results at 3 and 6 meV energy
transfer from ref. 10, are included on A and B. We see that the CDW and SDW incommensurabilities evolve in different directions above 54 K, which indicates
a decoupling of the charge and spin degrees of freedom. We also note that the high-temperature CDW width and intensity show no detectable changes
through the LTT–LTO transition (any possible changes would be smaller than our error bars, which are obtained from the least-squares fitting algorithm).

Discussion
Our results have important implications for the relationship
between stripe order in 214-type cuprates and CDW order in
non-214 cuprates (58). We show that the high temperature
state of LBCO 1/8 hosts CDW correlations at a wavevector
unlocked from the SDW wavevector. This establishes an appeal-
ing analogy to non-214 systems, which also host CDW correla-
tions without any obviously related SDW correlations. Indeed,
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Fig. 4. Magnetic excitation spectrum and charge–spin coupling. (A and B) RIXS intensity maps measured in a geometry that couples to the paramagnon
excitation at 23 K in the low-temperature CDW phase and at 60 K in the high-temperature CDW phase. Purple squares and red circles are the extracted
peak positions from fitting the paramagnon lineshape (see SI Appendix, Fig. S7). (C) Comparison of the peak positions obtained by fitting the data in
A and B to the dispersion expected from spin wave theory (SWT) in an AF without stripes. (D) Inset shows the theoretical charge configuration for one
realization of the meandering stripes which mimics the experimental charge structure factor at 23 K. Stripes with a width of two sites with increased hole
concentration are shown in blue. The main plot shows an average of the magnetic dynamic structure factor for 10 such configurations as described in Mate-

rials and Methods. The purple dashed curve connects the points of maximum intensity at each H value. Such a picture qualitatively captures the observed
dispersion in C.

stripe order in LBCO 1/8 appears to form via locking of the
CDW and SDW at low temperatures. A remaining discrepancy,
however, is that pristine non-214 systems tend to exhibit a spin
gap not present in 214 systems (59–62). Substituting 2% Zn for
Cu in YBa2Cu3O6.6 is known to close the spin gap and sta-
bilize SDW order with an incommensurability of 0.1, but this
remains unlocked from the CDW incommensurability of 0.3
(63). We furthermore demonstrate that the wavevector of the

Miao et al. PNAS | November 21, 2017 | vol. 114 | no. 47 | 12433
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With Se doping, the magnetic order is depressed and be-
comes short ranged. It is intriguing that magnetic order can
survive without a lowering of the lattice symmetry from te-
tragonal, although perhaps there are local symmetry reduc-
tions on the scale of the magnetic correlation length. The
incommensurability is also interesting. A uniform sinusoidal
modulation of the spin directions or magnitudes will give
incommensurate peaks at !0.5!" ,0 ,0.5", whereas we see a
peak only on the !" side. One can model this with phase-
shifted modulations on the two sublattices, but the modula-
tion length required to describe the incommensurability is
much greater than the correlation length.

We have found that a simple description of the incom-
mensurability can be obtained when the decay of correlations
between ferromagnetic nearest-neighbor spins is different
from that of antiferromagnetic spin neighbors. We will con-
sider correlations only along the modulation direction within
an a-b plane and assume that they are independent of corre-
lations in the orthogonal directions. Let us break the spin
system into perfectly correlated nearest-neighbor pairs, with
exponential decay of the spin correlations from one pair to
the next along the a axis. The neutron-scattering intensity
can then be expressed as30

I # #F#2
1 ! p2

1 + p2 ! 2p cos!2$h"
, !1"

where F is the structure factor for the selected pair of spins,
h is the wave-vector component along the a axis, and

p = ! e!a/%, !2"

where p is the correlation function between neighboring
pairs, where the negative sign suggests that the interpair cor-
relation is antiferromagnetic, and % is the correlation length.
!In all cases discussed below, we set %=a."

Let us first consider the case of ferromagnetic spin pairs
with exponentially decaying correlations between pairs, as
illustrated in Fig. 3!b". The structure factor for this case cor-
responds to

#F#2 = 4 cos2! 1
2$h" , !3"

as indicated by the dashed line in Fig. 3!b". Plugging this
into Eq. !1" gives the solid line shown in Fig. 3!b". Note that
the calculated peaks are incommensurate, with the peak near
h=0.5 shifted to lower h. Alternatively, we can start with an
antiferromagnetic spin pair, in which case

#F#2 = 4 sin2! 1
2$h" . !4"

This yields the result shown in Fig. 3!c", with the peaks
shifted in the opposite direction. If the decay of correlations
is identical for ferromagnetic and antiferromagnetic nearest
neighbors, then we can average over these two cases, obtain-
ing #F#2=2; the resulting commensurate peaks are shown in
Fig. 3!a".

Our experimental results look similar to Fig. 3!b". This
suggests that the ferromagnetic correlations are stronger than
the antiferromagnetic ones. For the model illustrated in Fig.
3!b", the incommensurability grows as the correlation length
gets shorter. The trend in our two samples does not follow
this relationship; however, one could describe a more general
relationship between the ferromagnetic and antiferromag-
netic correlations by taking a weighted average of Eqs. !3"
and !4".

In summary, we have observed short-range magnetic or-
der in Fe1.07Te0.75Se0.25 and FeTe0.7Se0.3. In both samples, the
magnetic order is incommensurate and only observed on one
side of the commensurate wave vector !0.5,0,0.5", which
is likely a result of the imbalance of ferromagnetic/
antiferromagnetic correlations between neighboring spins.
The parent compound Fe1+&Te is not superconducting22,23

and the optimally doped sample with 50% Se has no static
magnetic order.31,32 Our samples have Se content lying in the
middle, where we see that with larger Se doping, the SDW
order becomes weaker, while the superconductivity is en-
hanced. This could imply the coexistence and competition
between SDW order and superconductivity in this
system, similar to other Fe-based9,11,13–15 and cuprate
superconductors.33–35 Interestingly, in the Fe1+&Te1!xSex sys-
tem, the SDW order and superconductivity can be tuned not
only by doping Se, but also by adjusting the Fe
content.20,36,37 It has been reported that the excess Fe acts as
a magnetic electron donor,36 suppresses the superconductiv-
ity, and induces a weakly localized electronic state.38 Our
results are completely consistent with these results—with
less Fe and more Se, the SDW order is weaker; with more

FIG. 3. !a" Inset shows the commensurate magnetic unit cell
within a single layer of Fe1+&Te, with spin arrangements in a-b
plane; solid line shows the calculated scattered intensity assuming
uniform exponential decay of spin correlations. !b" Dashed line
shows the magnetic structure factor #F#2 and solid line shows cal-
culated intensity for exponential decay of correlations between fer-
romagnetic spin pairs !inset". !c" Same as !b" but for exponential
decay of correlations between antiferromagnetic spin pairs.
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intensities of the two become comparable again. This
shows a phonon intensity anomaly confined to a narrow
window of momentum space in the vicinity of QCDW. This
agrees with the nonmonotonic phonon intensity as a
function of doping in NBCO, which mimics the doping
dependence of the CDW signal [28].
To illustrate how this effect changes with temperature,

we have conducted temperature-dependent measurements
on x ! 0.125, with results shown in Fig. 3. The CDW
transition temperature TCDW for this doping is reported to
be around 80 K [29]. We performed measurements at 30,
120, and 270 K across TCDW [Figs. 3(a)–3(c)]. The
momentum dependence of the integrated elastic-peak
intensity at 30 K, reproduced from Fig. 1 for convenience,
again shows a CDW peak with a full width at half
maximum (FWHM) of 0.04 r.l.u.. However, we still
observe a broad quasielastic peak around QCDW at
120 K, which is above TCDW, the FWHM increasing
to 0.14 r.l.u., as shown in Fig. 3(e). This is probably
due to dynamic charge fluctuations, reported as the high-
temperature precursor CDW in La1.875Ba0.125CuO4 [40]
and as charge density fluctuations in NBCO [41]. We did
not observe any CDW signal when the temperature was
raised to 270 K [Fig. 3(f)]. Correspondingly, the phonon

intensity varies with temperature, with the intensity ratio of
Qk ! QCDW ! 0.24 and Qk ! 0.45 r.l.u. changing from
"0.5 at 30 K [Fig. 3(g)] to "0.6 at 120 K [Fig. 3(h)], and
finally to "0.7 at 270 K [Fig. 3(i)], indicating a correlation
between EPC and the CDW.
To quantitatively estimate the EPC strength, we apply the

detuning method recently introduced in NBCO, which is
valid for both weak and strong EPC regimes [27,28]. It
should be noted that the theoretical analysis of electron-
phonon coupling strength from RIXS spectra was origi-
nally derived for dispersionless electrons [23], but due to
the local nature of the RIXS intermediate state was shown
to be valid for itinerant electrons as well [28]. Using the
detuning method it is possible to determine the EPC from a
suitable set of spectra measured as a function of detuning
energy. As in Ref. [27], we use the following expression for
the phonon intensity, which is based on the approximation
that the electronic state couples to a single Einstein phonon
with an energy !0:

Iph #
e$2g

g

!!!!
X%

n!0

gn"n $ g#
n!"!$ i"$ "g $ n#!0#

!!!!
2

: "1#

Here, g ! "M=!0#2 is the dimensionless EPC strength at
the Q vector of interest, and M is the absolute value of the
EPC matrix element. " is the intrinsic width of the Cu L3

resonance, for which we use the value of 0.28 eV from
Refs. [27,28], but its exact value has little impact on the

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 3. Energy-momentum intensity maps of RIXS spectra for
x ! 0.125 along the (0,0)-(0.5,0) symmetry direction at (a) 30,
(b) 120, and (c) 270 K. Integrated intensity of the elastic peaks at
(d) 30, (e) 120, and (f) 270 K. Integrated intensity of the phonon
peaks at (g) 30, (h) 120, and (i) 270 K.FIG. 2. Raw energy-loss spectra (markers) and the correspond-

ing fits (solid lines) of RIXS data taken at T ! 30 K for x ! 0.07
(red) and x ! 0.125 (blue). The dashed lines are phonon peak fits
displayed for comparison, indicated by red and blue for x ! 0.07
and x ! 0.125, respectively.
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  LBCO x=1/8, stripe order, and 2D superconductivity: motivation for PDW order 

  Testing for PDW order with an in-plane magnetic field 

  Transforming from 2D to 3D SC with uniaxial stress: LBCO x=0.115 

  Field-induced transition from 3D to 2D SC 

  Zn-induced 2D SC in LBCO x=0.095 

  1Q peak, signature of PDW, not seen in RSXS 

  Impact of lattice symmetry on charge stripes in LSCO 

  Challenge of comparing dynamic spin and charge stripes with theory


