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Observation of subharmonic charge-density-wave correlations in La-based cuprates
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Pair-density-wave (PDW) correlations have been proposed as an important ingredient in the complex phase
diagram of high-Tc cuprates, yet bulk-sensitive experimental signatures remain scarce. Here, we report resonant
x-ray scattering measurements revealing a subharmonic charge-density-wave (CDW) scattering response in Sr-
doped 1/8- La1.875Ba0.125CuO4 (LBCO). The subharmonic response appears at approximately half the primary
CDW ordering wave vector and emerges within a physically relevant temperature regime associated with the
development of in-plane superconducting correlations. Comparable subharmonic behavior is also observed in a
chemically distinct La-based cuprate, La1.87Sr0.13Cu0.99Fe0.01O4 (LSCO), within the same stripe-ordered, layer-
decoupled regime. Together, these observations identify a bulk-sensitive scattering signature that is consistent
with PDW correlations in La-based superconducting cuprates.

DOI: 10.1103/djbs-mcz5

I. INTRODUCTION

Numerous studies have reported evidence suggestive of
a novel form of superconducting order, the pair-density
wave (PDW), appearing over restricted ranges of doping
and temperature in several high-Tc cuprates [1–34]. A key
early indication came from the 2007 observation by Li
et al. in La1.875Ba0.125CuO4 (LBCO) of pronounced layer
decoupling—superconducting behavior confined to individual
CuO2 planes in the apparent absence of interlayer Josephson
coupling [3]. Subsequent transport studies reported simi-
lar phenomenology in other La-based cuprates, including
La2−x−yXySrxCuO4 with X = Nd, Eu, and Ca [31–33],
Fe- and Zn-doped La2−xSrxCuO4 [11,12], and underdoped
La2−xSrxCuO4 in applied magnetic fields [6], lending further
support to the relevance of PDW correlations.

A major advance was provided by scanning tunneling
microscopy measurements on Bi2Sr2CaCu2O8+δ (Bi2212),
where Edkins et al. observed a subharmonic modulation of the
charge-density-wave (CDW) order in the vicinity of magnetic-
field-induced vortices [9]. The subharmonic ordering vector,
�K/2, is half that of the primary CDW order �K and is natu-
rally expected in the presence of coexisting PDW correlations
with wave vector �1Q = �K/2 and uniform superconductivity
[9,15,17,30,35]. Similar considerations apply more generally
to regimes in which PDW and/or uniform superconducting
correlations are fluctuating but retain sufficiently long corre-
lation lengths.

Despite these advances, the broader implications of PDW-
related signatures remain unsettled. In Bi2212, the CDW
correlations are short-ranged, with correlation lengths only
marginally exceeding the CDW period [36–38]; information

*Contact author: jslee@slac.stanford.edu

on spin-density-wave order at zero field is limited [39]; and
no macroscopic manifestations such as layer decoupling have
been observed. More generally, no bulk-sensitive diffrac-
tion measurements have reported subharmonic signatures in
La-based cuprates, Bi2212, YBa2Cu3O6+x, or other cuprate
families, even in regimes where such features might be antic-
ipated if PDW correlations were ubiquitous [6,38,40–42].

In this study, we investigate subharmonic charge-density-
wave responses in two La-based cuprates near 1/8 doping,
Sr-doped La1.875Ba0.125CuO4 and Fe-doped La1.87Sr0.13CuO4,
using resonant soft x-ray scattering. Transport measurements
are used to establish the temperature regime associated with
superconducting correlations. In both materials, the subhar-
monic response emerges as an additional resonant soft x-ray
scattering (RSXS) intensity near the putative subharmonic
wave vector ( �1Q) upon cooling into the regime where the
in-plane resistivity ρab exhibits a superconducting-like drop,
while the interplane resistivity ρc remains finite, indicating
the absence of three-dimensional superconducting long-range
order. The phrase “three-dimensional superconducting long-
range order” is used here operationally to denote bulk
interlayer phase coherence, rather than to imply that super-
conducting pairing itself requires three-dimensional coupling.
These observations provide a bulk-sensitive scattering signa-
ture consistent with PDW correlations in La-based cuprates.

II. EXPERIMENTS

A. Materials and methods

Two high-quality single crystals, Sr-doped LBCO
(La1.875Ba0.065Sr0.06CuO4) and Fe-doped LSCO
(La1.87Sr0.13Cu0.99Fe0.01O4), are employed for this study.
Both crystals were grown by the traveling-solvent floating-
zone method. After growth, the crystals were annealed in
one bar of O2 gas to minimize oxygen deficiency. The
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typical growth rate was 1.0 mm/h, yielding crystal rods with
lengths of approximately 50–60 mm for each composition. Sr
substitution in LBCO and Fe substitution in LSCO perturb
stripe correlations through different microscopic routes. Fe
substitutes directly in the CuO2 planes and has been reported
to enhance or pin spin stripe correlations through its magnetic
character [43,44], whereas Sr substitution outside the CuO2

planes more directly modifies the lattice environment and
structural tendencies that influence stripe order and interlayer
coupling [45,46]. The present study focuses on the common
emergence of a subharmonic scattering response in the
layer-decoupled regime across two La-based cuprates with
different substitution routes, rather than separating the
microscopic effects of the two substitutions.

Resonant soft x-ray scattering experiments were carried
out at beamline 13-3 of the Stanford Synchrotron Radiation
Lightsource (SSRL). Initial measurements were performed
using an in-vacuum four-circle diffractometer equipped with
an open-cycle helium cryostat, providing a base tempera-
ture of approximately 25 K. Subsequent measurements in
2024 employed an upgraded RSXS instrument with a closed-
cycle helium cryostat, enabling measurements down to a
base temperature of approximately 12 K [47]. Because these
measurements were performed using different instrumental
configurations and independent sample cleaves, we analyze
temperature-dependent changes within each data set and do
not use absolute intensities from different configurations for
quantitative comparison.

For RSXS experiments, samples were prepared with typ-
ical dimensions of 1.5 × 1.5 × 2.5 mm along the a, b, and
c axes, respectively. To obtain a fresh c-axis-normal surface
and to align the scattering plane approximately along the ac
plane, each sample was cleaved ex situ immediately prior
to transfer into the ultra-high-vacuum chamber (base pres-
sure ∼8 × 10−10 Torr). Additional details are provided in the
Supplemental Material [48]. Separate crystals with lengths of
approximately 25 mm were used for elastic neutron scattering
measurements to characterize the spin-density-wave (SDW)
ordering temperature in Sr-doped LBCO.

B. Intertwined density waves

The La-based cuprates studied here host multiple inter-
twined density-wave (DW) orders, including CDW and SDW
orders, that are already well established over a broad tem-
perature range [3,11,27]. Figure 1 schematically illustrates
a hierarchy of such intertwined orders. Upon cooling from
high temperatures, short-range CDW correlations first de-
velop and evolve into a stripe-ordered state characterized by
coexisting CDW and SDW correlations with long correla-
tion lengths. These stripe correlations provide the broader
physical background for the present observations. Within this
stripe-ordered background, additional electronic correlations
may emerge at lower temperatures, preceding the establish-
ment of three-dimensional superconducting long-range order.
This hierarchy provides a natural framework for investigating
subharmonic scattering signatures associated with PDW cor-
relations in the intermediate temperature regime.

In La-214 stripe systems, the CDW and SDW ordering
wave vectors are known to be harmonically related, with

FIG. 1. Schematic illustration of the hierarchy of intertwined
density-wave and superconducting correlations in La-based cuprates.
Upon cooling from high temperatures, fluctuating charge-density-
wave order (CDF) [49] develops first and subsequently evolves into
short-range CDW order (CDW-SRO), eventually giving rise to a
stripe-ordered state characterized by coexisting CDW and SDW
correlations [50,51]. Within this stripe-ordered background, addi-
tional electronic correlations, such as PDW correlations, may emerge
at intermediate temperatures [3,11], preceding the establishment
of three-dimensional superconducting long-range order. The lower
panel shows a real-space cartoon illustrating the corresponding in-
tertwined orders, highlighting that a PDW modulation can naturally
allow a doubling of the charge modulation period from 4a to 8a,
corresponding to a subharmonic component relative to the primary
CDW.

qCDW � 2qSDW [52–54]. Therefore, a response near qCDW/2
occurs at a wave vector close to the SDW ordering wave
vector. This relation is an important part of the stripe phe-
nomenology and must be distinguished from the present
interpretation. The signal discussed here is observed in the
Cu L3-edge resonant scattering channel as a weak charge-
related subharmonic response relative to the primary CDW
wave vector. We therefore do not interpret the feature sim-
ply as the known SDW order, but rather as a resonant
subharmonic scattering response appearing within the stripe-
ordered, layer-decoupled regime. In this context, we explore
subharmonic scattering signatures associated with PDW cor-
relations within the stripe-ordered regime using RSXS. In
such a setting, interference between PDW and uniform super-
conducting correlations is expected to allow a subharmonic
scattering response at half the primary CDW wave vector,
commonly referred to as a 1Q feature.

C. Subharmonic feature on Sr-doped LBCO

To investigate this possibility, we performed RSXS experi-
ments on Sr-doped La1.875Ba0.125CuO4 (LBCO) [48], which
has played a central role in the development of the PDW
concept. LBCO is an archetypal system in which stripe order,
layer-decoupled superconductivity, and anomalous transport
signatures have long suggested the presence of PDW cor-
relations [3]. As shown in Fig. 2(a), Cu-resonant scattering
measurements in this regime are complicated by substantial
background contributions from fluorescence and specular re-
flection at the sample surface. In addition, a pronounced static
CDW signal can further hinder the experimental resolution
of subharmonic scattering components, motivating the choice
of lightly Sr-doped LBCO in the present study. While pure
1/8-doped LBCO is expected to host strong stripe and PDW
correlations, the associated CDW scattering is so dominant
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FIG. 2. Subharmonic scattering response in Sr-doped LBCO
revealed by RSXS. (a) Schematic illustration of the momentum
regions probed in the RSXS measurements, indicating the elas-
tic CDW peak at ±qCDW, the subharmonic region near ±qCDW/2,
fluorescence background, and the specular reflection. (b), (c) Rep-
resentative momentum-dependent RSXS profiles measured along
the CDW wave-vector direction at two temperatures in the stripe-
ordered regime. While the primary CDW peak is clearly visible,
a subtle temperature-dependent difference appears near the subhar-
monic positions. Note the different vertical scales in (b) and (c).
(d), (e) Difference between the low- and high-temperature RSXS
intensities shown in (b) and (c), respectively. In addition to the
dominant contribution at the primary CDW wave vector, a residual
temperature-dependent signal is present near the subharmonic posi-
tions. The solid fit lines are guides to the eye used to indicate the
approximate momentum location of the temperature-dependent con-
tribution near ±qCDW/2. The statistical uncertainty is approximately
1 × 10−5 a.u., corresponding to a signal that exceeds the uncertainty
by several times.

that any subharmonic contribution may remain experimentally
buried in RSXS. Partial Sr substitution provides a controlled
reduction of the CDW background, thereby enhancing the

visibility of subharmonic scattering components without qual-
itatively altering the underlying stripe-ordered regime.

Figures 2(b) and 2(c) show representative momentum-
dependent RSXS profiles measured at both ±qCDW. Pro-
nounced CDW peaks are clearly observed near the charac-
teristic 4a periodicity, corresponding to h ≈ ±0.235 ± 0.005
r.l.u.. In addition to the primary CDW signal, the raw RSXS
profiles reveal an intensity near the tails of the CDW peaks on
both sides of the CDW peak positions (h > −0.15 and h <

+0.15 r.l.u.), as indicated by the arrows near ±qCDW/2. This
suggests that an additional subharmonic scattering component
is already discernible in the raw data within the statistical
sensitivity of the measurement.

In order to isolate temperature-dependent scattering con-
tributions beyond the dominant CDW background, and to
suppress temperature-independent backgrounds such as flu-
orescence and specular scattering, we compare data acquired
at low temperature with those measured above the SDW or-
dering temperature TSDW ≈ 35.4 K [45,46,48]. The resulting
difference profiles, shown in Figs. 2(d) and 2(e), highlight
residual features beyond the dominant CDW contribution.
These profiles reveal an excess scattering intensity near h ≈
±0.12 ± 0.007 r.l.u. below TSDW, consistent with a putative
subharmonic response. We note that a weak structure near
h ∼ + 0.08 r.l.u. is visible in the raw profile of Fig. 2(c).
This structure is not used in the analysis or interpretation of
the subharmonic response, which is instead identified from
the temperature-dependent contribution near +qCDW/2 in the
difference profile.

Given that the subharmonic response appears as a subtle
modification of the dominant CDW scattering profile and is
experimentally buried beneath the strong CDW contribution
and background scattering, its characterization is not fully
captured by peak-based metrics alone. In this regard, we ex-
amine its temperature dependence to clarify the temperature
range over which this response becomes discernible.

Figure 3(a) summarizes the temperature evolution of the
RSXS response in the vicinity of both the primary CDW
wave vector and the subharmonic wave vector. Upon cooling,
an excess RSXS intensity near the subharmonic wave vec-
tor, relative to higher-temperature data, becomes discernible
below 35 K [Fig. 3(b)], while the primary CDW signal grad-
ually weakens with increasing temperature but remains the
dominant contribution. By comparing these data with mea-
surements taken at a higher reference temperature (110 K)
through a temperature-difference analysis [Fig. 3(c)], we iden-
tify a residual subharmonic response that becomes evident
below the SDW ordering temperature TSDW. Note that weak
residual side structures near the CDW peak at 35 K be-
come suppressed upon cooling even as the CDW peak grows,
indicating that they do not scale with the CDW intensity.
Such minor residual structures are consistent with subtle
temperature-dependent background or line-shape variations,
which may include changes in the fluorescence contribu-
tion. Importantly, this temperature window coincides with the
regime in which the in-plane resistivity ρab exhibits a pro-
nounced superconducting-like reduction [Fig. 3(d)], while the
interplane resistivity ρc remains finite, indicating the absence
of three-dimensional superconducting long-range order down
to approximately 10 K (Tc). This correspondence indicates
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FIG. 3. Temperature dependence of the subharmonic scatter-
ing response and in-plane transport in Sr-doped LBCO. (a) Raw
momentum-dependent RSXS profiles measured along the CDW
wave-vector direction at selected temperatures. The crystal was re-
cleaved before the temperature-dependent measurements, and the
data shown here represent an independent data set from Fig. 2.
(b) Expanded view of the RSXS intensity near the subharmonic
region around +qCDW/2, illustrating the temperature evolution of
scattering features superimposed on the dominant CDW background.
(c) Temperature-difference spectra obtained by subtracting the RSXS
profile measured at 110 K from those measured at lower temper-
atures, highlighting temperature-dependent scattering components
near the subharmonic wave vector. Solid lines represent simple fits
used as guides to the eye. (d) Superconducting properties as a func-
tion of temperature, showing the bulk magnetic susceptibility (left y
axis, open squares) and the zero-field in-plane resistivity ρab (right y
axis, green filled circles).

that the subharmonic response becomes discernible specifi-
cally within the regime of in-plane superconducting correla-
tions, rather than tracking the overall strength of the CDW or-
der. This temperature correspondence should be distinguished
from a simple structural-transition effect. Previous studies
of Sr-doped LBCO have shown that the LTO/LTT/LTLO
structural evolution strongly affects stripe order, particularly
the primary CDW component, which is stabilized in the
LTT/LTLO phases [46]. At the same time, SDW correlations
are comparatively more robust against changes in the struc-
tural phase, with substantial SDW intensity persisting even
toward the LTO regime. Thus, while the structural transition
provides an important lattice environment for stripe forma-
tion, it does not by itself uniquely determine the subharmonic
response observed here. In the present data, the response
near qCDW/2 becomes discernible in the regime where
SDW correlations and layer-decoupled superconducting

FIG. 4. Subharmonic scattering response in Fe-doped LSCO.
(a) Representative momentum-dependent RSXS profiles measured
along the CDW wave-vector direction below (25 K) and above (43 K)
TPDW ≈ 32 K. In addition to the dominant CDW peak near qCDW,
an intensity feature is visible near qCDW/2, corresponding to the
subharmonic wave vector. The difference profile (open symbols) be-
tween the two temperatures highlights the corresponding signal. For
visibility, the difference profile in this panel is multiplied by 5 × 102.
This scaling is used only for display and is not used for quantitative
extraction of the signal amplitude. (b) Temperature-difference RSXS
profiles over selected temperature intervals across Tpdw, illustrating
the temperature dependence of the feature near qCDW/2 across TPDW.
Solid lines represent simple fits used only as guides to the eye.

transport signatures develop, rather than simply tracking the
overall primary CDW intensity.

D. Subharmonic feature on Fe-doped LSCO

Having established the phenomenology identified in Sr-
doped LBCO under conditions where stripe-ordered charge
correlations are well defined, we now ask whether a detectable
subharmonic imprint can also be identified in a La-based com-
pound, such as La2−xSrxCuO4, where such correlations are
less robust, in the regime where signatures of two-dimensional
superconducting correlations have been reported. We extend
the study to Fe-doped LSCO [48], which provides a natural
counterpoint to LBCO. In particular, previous transport and
scattering studies on this cuprate reported signatures con-
sistent with interlayer decoupling in this composition range
[11,44].

Figure 4(a) shows representative momentum-dependent
RSXS profiles measured below (T = 25 K) and above (T =
43 K) TPDW ≈ 32 K. At 43 K, the scattering response is dom-
inated by a weak, short-range CDW signal centered near
qCDW(h ≈ 0.24 r.l.u.). Upon cooling below TPDW, the CDW
scattering becomes more pronounced and sharper in momen-
tum space, consistent with previous reports [11]. However,
even at comparable temperatures, the CDW contrast in LSCO
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remains relatively lower than that observed in Sr-doped LBCO
[see Fig. 2(c)]. Despite this reduced CDW contrast, an excess
intensity is still visible in the vicinity of qCDW/2, super-
imposed on the tail of the primary CDW scattering. The
difference profile between the two temperatures highlights a
corresponding signal at h ≈ 0.131 ± 0.007 r.l.u. [bottom plot
in Fig. 4(a)]. Difference profiles measured at negative momen-
tum transfer are consistent with those at positive momentum
transfer within the statistical limits of the experiment [48].

Figure 4(b) further examines the temperature dependence
of this feature by employing temperature-difference RSXS
profiles constructed from several temperature intervals across
TPDW. Given the relatively low CDW contrast in this sys-
tem, such differential analysis provides a sensitive means
to isolate subtle temperature-dependent changes that are not
readily apparent in the raw profiles. The resulting difference
profiles show that a discernible signal near qCDW/2 appears
only when the temperature is below TPDW ≈ 32 K. By con-
trast, temperature differences taken above TPDW do not yield
a comparable feature in this momentum region. This behavior
closely parallels that observed in Sr-doped LBCO, indicating
that, despite the reduced strength of stripe order in LSCO, the
emergence of the subharmonic response is governed by the
same temperature criterion.

III. DISCUSSION

Before discussing the implications of the observed subhar-
monic response, we first clarify the scope and limitations of
the present experiment. The reported signal is extremely weak
and was measured in a limited set of samples and scattering
geometries. Therefore, the present data do not by themselves
exclude all possible background-related, structural, or exper-
imental contributions to the observed temperature-dependent
intensity. In this sense, the observation should not be viewed
as a definitive, standalone proof of pair-density-wave order
or as a complete characterization of a new order parame-
ter. Rather, it should be regarded as a reproducible resonant
scattering response observed near qCDW/2 within the experi-
mentally accessible momentum window. With this limitation
in mind, we discuss below the physical implications that
follow if this response is intrinsic to the stripe-ordered, layer-
decoupled regime of La-based cuprates.

Under this cautious interpretation, the present results have
several implications for the phenomenology of intertwined
superconducting and density-wave correlations in La-based
cuprates. Taken together, the results presented here establish
that a subharmonic scattering response near qCDW/2 can be
observed in the temperature regime associated with inter-
layer decoupling in La-based cuprates. This behavior is found
both in Sr-doped LBCO, where stripe order is well devel-
oped, and in Fe-doped LSCO, where stripe correlations are
comparatively weaker. The consistency of this phenomenol-
ogy across materials with markedly different stripe strengths
indicates that the subharmonic response is tied to a com-
mon, temperature-defined physical regime, rather than arising
solely from strong stripe order.

From a physical standpoint, this common regime can be
discussed within the broader framework of intertwined or-
ders in cuprates, in which the onset of interlayer decoupling

marks a reorganization of charge, spin, and superconduct-
ing correlations. In stripe-ordered systems, charge and spin
modulations provide a spatially modulated background that
can coexist with superconducting correlations. These stripe
correlations are generally understood to arise from spatially
modulated electronic order within an otherwise homoge-
neous crystal, rather than from macroscopic phase separation.
Within such a picture, the appearance of a scattering fea-
ture near qCDW/2 may be viewed as a momentum-space
manifestation of this reorganization as the system enters the
layer-decoupled regime. In this context, the observed scat-
tering response near qCDW/2 may be discussed as reflecting
underlying subharmonic correlations that emerge within this
intertwined stripe-superconducting background.

At the same time, it is important to emphasize the scope
of the present interpretation. The observed phenomenology
does not require invoking a standalone ordered phase, but is
naturally compatible with scenarios in which superconduct-
ing correlations are intertwined with preexisting stripe order.
Although the scattering profiles exhibit peak-like features,
the present RSXS measurements are inherently sensitive to
momentum-resolved responses of buried electronic states and
therefore do not aim to extract an order parameter from peak
intensity or width, nor do they directly resolve the micro-
scopic real-space structure of the underlying correlations. The
present measurements do not provide a full H , K , and L char-
acterization of the subharmonic response. Accordingly, our
conclusion is restricted to the temperature-dependent subhar-
monic scattering response observed within the experimentally
accessible momentum window. Instead, the measurements
document reproducible, momentum-resolved modifications
of the scattering profile that evolve consistently within the
same temperature-defined regime across different compounds,
thereby constraining the phenomenology. Future complemen-
tary high-energy x-ray scattering over a wider momentum
range could help clarify the momentum-space structure of this
response. Further clarification of the microscopic origin will
require complementary, feature-sensitive approaches capable
of resolving symmetry, phase, and energy dependence.

In summary, we used resonant soft x-ray scattering to
identify a bulk-sensitive scattering signature of subharmonic
charge-density-wave correlations in La-based cuprates. This
response emerges reproducibly within a restricted thermo-
dynamic regime associated with interlayer decoupling. Our
emphasis is placed on the regime-specific appearance of this
subharmonic component, rather than on peak-based order-
parameter claims. Observing the same signature in two inde-
pendent materials within the stripe-ordered, layer-decoupled
regime provides an important experimental benchmark for
future studies of intertwined superconducting states in high-Tc

cuprates.
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