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Spin and charge density wave order in the cuprates are known to compete with superconductivity. In the
stripe order (La, M )2CuO4 family of cuprates, spin and charge order occur as unidirectional order that can be
stabilized by symmetry-breaking structural distortions, such as the low-temperature tetragonal (LTT) phase. Here
we examine the interplay between structure and the formation of charge density wave (CDW) order in the LTT
phase of La1.475Nd0.4Sr0.125CuO4 by applying uniaxial stress to distort the structure and influence the formation
of CDW order. Using resonant soft x-ray scattering to measure both the CDW order and (0 0 1) structural-nematic
Bragg peaks, we find that the application of uniaxial stress along the Cu-O bond direction suppresses the (0 0 1)
peak and has the net effect of reducing CDW order, but does so only for CDW order propagating parallel to the
applied stress. We connect these observations to previous work showing an enhanced superconducting transition
temperature under uniaxial stress, providing insight into how CDW, superconductivity, nematicity, and structure
are related and can be tuned relative to one another in cuprates.
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In the cuprate superconductors, spin and charge density
wave orders [1–3], superconductivity and electronic nematic
order [4–8] are intertwined, often coexisting and competing
[9–11]. How these orders manifest and relate to each other
depends on a number of factors including the doping, the
level of disorder, and the crystalline structure (tetragonal or
orthorhombic, single layer or bilayer, lattice constants, etc.).
An approach to vary the crystalline structure, while keeping
doping and disorder constant, is the application of uniaxial
stress. Examination of the subsequent response of charge den-
sity wave (CDW), nematic, and superconductivity orders to
uniaxial stress provides a powerful pathway to understand the
relationship of these intertwined orders.

Application of uniaxial stress in the cuprates has been
shown to result in significant changes in the superconducting
transition temperature and spin or charge density wave orders
[12–21]. In the stripe-ordered cuprates La1.74Eu0.2Sr0.16CuO4

and La1.48Nd0.4Sr0.12CuO4, uniaxial stress applied in the
ab plane enhances the superconducting transition temperature,
TC [12,13]. More recent work in La1.885Ba0.115CuO4 (LBCO)
showed a similar enhancement of TC , along with an accom-
panying suppression of magnetic order, as measured from
muon spin rotation (µSR) spectroscopy [15,21]. This result
is indicative of a competition between magnetic order and
superconductivity that can be tuned by uniaxial stress.

Other studies have examined the impact of uniaxial
stress on charge density wave order. In YBa2Cu3O6+x
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(YBCO), ∼1% compressive uniaxial strain enhances two-
dimensional (2D) CDW order and results in a unidirectional
three-dimensional (3D) CDW order [16,17]. An alternative
approach in YBa2Cu3O6+x showed that tensile strain induced
in thin films grown on an orthorhombic substrate results in a
suppression of CDW order perpendicular to the strain [20].
However, in La1.875Sr0.125CuO4 (LSCO), uniaxial stress was
found to enhance CDW order propagating perpendicular to the
applied stress and suppress CDW order propagating parallel to
the applied stress [18,22].

How uniaxial stress impacts CDW order depends on de-
tails of a materials crystal structure. For instance, in LSCO,
the structure is in the low-temperature orthorhombic (LTO)
phase, characterized by tilts of CuO6 octahedra about an axis
diagonal to the Cu-O bond. For unidirectional CDW order
propagating approximately along [100] and [010] (parallel to
the Cu-O bond), the structure does not establish a preferred di-
rection, providing an opportunity for the formation of domains
of both [100]- and [010]-oriented CDW order [23,24]. Conse-
quently, the application strain along [100] was interpreted to
detwin the CDW order to favor only domains of unidirectional
CDW order propagating along [100] for stress applied along
[010] [18].

However, in many stripe-ordered cuprates, the applica-
tion of strain may play a different role than in LSCO. In
(La, M )2CuO4 substituted with larger rare earth ions Nd, Eu,
or Ba, a low-temperature tetragonal (LTT) phase can be in-
duced that is characterized by octahedral tilt axes parallel to
the Cu-O bonds [25,26]. Numerous studies have recognized
that the LTT structure stabilizes stripe order, with several
compounds exhibiting stripe order to onset at the LTO to LTT
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FIG. 1. (a) The crystal structure of (La, M )2CuO4 in the high-
temperature tetragonal (HTT) phase. Two CuO2 planes at z = 0 and
z = 0.5 are present within a single unit cell. (b) In the low-
temperature tetragonal (LTT) phase CuO6 octahedra tilt along the
Cu-O bond direction, with the tilt axis alternating between a and b
for neighboring layers. Uniaxial stress along a will be parallel to the
tilt axis for half the layers and perpendicular to the tilt axis for the
other half of the layers. (c) The orientation of unidirectional stripe
order alternates between neighboring layers. Uniaxial stress along
a will be parallel or perpendicular to the CDW propagation wave
vector, depending on the layer.

phase transition [1,27,28]. The reason for this association is
that the LTT structure, shown in Fig. 1, induces anisotropy in
the electronic structure, such as the hopping between Cu and
O (tpd ), the nearest-neighbor exchange interaction, J , or the
charge transfer energy �pd [29,30]. This anisotropy is thought
to stabilize unidirectional stripe order that, within an individ-
ual layer, is oriented parallel or perpendicular to the octahedral
tilt axis. Importantly, although each individual layer breaks
C4 rotational symmetry due to the octahedral tilts, the axis by
which the octahedra tilt rotates by 90◦ between neighboring
CuO2 planes such that the crystal structure remains tetragonal,
as depicted in Fig. 1(b). Consequently, unidirectional spin and
charge order in neighboring layers alternates between propa-
gating along [100] and [010] [1,31], as depicted in Fig. 1(c).

Unlike in LSCO without Nd, Eu, or Ba substitution, the
structural distortion of the LTT phase serves to detwin the
CDW order within an individual layer. As such, the appli-
cation of uniaxial stress may be used to explore the role of
anisotropy of the electronic structure on CDW order, rather
than the balance of population of [100] and [010] domains
within a layer. As shown in Fig. 1, the application of a uniaxial
stress along the [100] direction will act along the tilt axis for
half of the layers and perpendicular to the tilt axis for the other
half of the layers, affecting the anisotropy of the electronic
structure differently for the two orientations of layers.

In this study we utilize resonant soft x-ray scattering to
study the impact of uniaxial strain on both the structural phase
transition and the CDW order in La1.475Nd0.4Sr0.125CuO4

(LNSCO). We find that the application of stress along [100]
reduces the intensity of the CDW peak at QCDW = (−0.24 0
1.5) by a factor of ∼2, while having little impact on its correla-
tion length or temperature dependence. In contrast, the applied
[100] stress has only modest impact on the intensity of the
CDW peak at (0 −0.24 1.5). The overall suppression of CDW
order due to uniaxial stress is consistent with competition
between CDW order and superconductivity. More specifically,

FIG. 2. Temperature dependence of the (0 0 1) Bragg peak at
apical O K edge under varying strain (increasing as shown by an
arrow). Scattering intensity is normalized at 20 K. The inset shows
a θ -2θ scan of the (0 0 1) Bragg peak on resonance at the apical
O K edge, comparing the strained (red) and the unstrained (black)
case. Notably, the peak intensity drops upon applying uniaxial stress.
The green-shaded region (above 70 K) depicts the LTO phase in the
unstrained case.

uniaxial stress along [100] modifies the anisotropy of the elec-
tronic structure in a manner that suppresses CDW order, and
thus in turn enables the enhancement of the superconducting
transition temperature [13,15,21].

Resonant x-ray scattering measurements presented in this
study were performed on a cut, polished cuboidal sample
of La1.475Nd0.4Sr0.125CuO4. The CDW (−0.24 0 1.5) and
(0 −0.24 1.5) Bragg peaks were investigated at a photon
energy corresponding to the peak of the Cu L3 absorption
edge (931.3 eV). Note, measurements of the CDW peaks are
shown as raw data, normalized only to the incident beam
intensity, but otherwise free of any background subtraction.
Measurements were found to be reproducible to an accuracy
of ∼2% of the total signal. In addition, to examine the LTO
to LTT structural phase transition, we measured the (0 0 1)
Bragg peak beak at the Cu L edge (931.3 eV) and at an energy
associated with the apical oxygen (533.3 eV).

Using a custom uniaxial stress device described in the
Supplemental Material [32], uniaxial stress was applied paral-
lel to the [100] axis of the high-temperature tetragonal (HTT)
unit cell. The sample was measured both unstrained and with
applied uniaxial stress. The magnitude of the applied stress
imparted to the sample is not characterized in the device.
However, the maximum strain is estimated to be of less than
0.2% and the stress less than 0.5 GPa (see the Supplemental
Material [32]). With applied stress, the CDW Bragg peaks
were measured for CDW order propagating both parallel and
perpendicular to the applied stress.

First we examine the impact of uniaxial stress on the struc-
ture. As shown in Fig. 2, the temperature dependence of the
(0 0 1) peak measured at the apical O K edge in an unstrained
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configuration exhibits a sharp transition to the LTT phase
at 70 K, consistent with previous unstrained measurements
on this sample [6,33]. The application of stress along [100]
results in a decrease in the (0 0 1) peak intensity at low
temperatures, as well as a more gradual temperature depen-
dence, indicating a change in the structure under uniaxial
stress. Details of the structural changes induced by uniaxial
stress cannot be fully resolved by measuring a single Bragg
peak. However, since the (0 0 1) peak results from a dif-
ference in the orbital symmetry of apical O atoms between
neighboring (La, M )2O2 layers [6,34,35], the more gradual
temperature dependence of the (0 0 1) peak under applied
stress is understood to be associated with a reduction in the
difference in orbital symmetry between neighboring layers.
This reduction may result from changes in the angles by which
CuO6 octahedra tilt out of the ab plane and/or changes in the
octahedral tilt axis away from the Cu-O bond direction.

Notably, the strain dependence of the (0 0 1) Bragg peak
in Fig. 2 is in qualitative agreement with recent reports
from a hard x-ray scattering study of the LTO-LTT transi-
tion under uniaxial stress in another stripe-ordered cuprate,
La1.885Ba0.115CuO4 [21], albeit with stress applied along
[110] instead of along [100]. In that study, Guguchia et al. [21]
show the LTT transition to be completely suppressed for com-
pressive uniaxial stress above σ[110] ∼ 0.06 GPa. However,
for lower stress values (σ[110] ∼ 0.017 GPa), the LTT phase
remains, but with the LTT Bragg peak intensity suppressed,
the onset temperature only weakly dependent on stress, and
the LTO-LTT transition broadened [21], qualitatively simi-
lar to the dependence on uniaxial stress dependence of the
(0 0 1) we observe in LNSCO for stress applied along [100]
in the range of pressure applied.

In Fig. 3, we show the impact of uniaxial stress on CDW
order. When the sample is unstrained, we observe comparable
peak intensities for the (−0.24 0 1.5) and (0 −0.24 1.5) peaks.
The response of CDW order to uniaxial stress, however, is
asymmetric. Whereas uniaxial stress along [100] reduces the
intensity of the (−0.24 0 1.5) Bragg peak by a factor of ∼2 at
20 K, this same stress has minimal impact on the intensity of
the (0 −0.24 1.5) Bragg peak. Moreover, although the inten-
sity of the (−0.24 0 1.5) peak decreases with the application of
stress, the width of the Bragg peak, associated with the CDW
correlation length along the a axis, is unaffected.

In both cases, the application of uniaxial stress does not
change the background measured at 90 K, which is dominated
by x-ray fluorescence from the sample as detailed in the Sup-
plemental Material [32]. Charge density fluctuations at high
temperatures, as have been reported in other studies [19,36],
may also occur but cannot be resolved unambiguously in this
set of measurements.

The temperature dependence of the intensity at (−0.24 0
1.5) in strained and unstrained configurations is shown in
Fig. 3(d). This shows that the onset temperature is not strongly
impacted by strain (we are unable to clearly resolve a change
in TCDW), with the main impact of strain being the reduction
in peak intensity in the region where CDW order exists.

To verify that the strain-induced suppression in the (−0.24
0 1.5) peak intensity is not associated with an irreversible
degradation of the sample (cracking, buckling, etc.) upon
straining, we released the stress and remeasured the sample

FIG. 3. Response of CDW Bragg peaks to applied uniaxial stress
along [100]. [(a) and (b)] Intensity at 20 K and at 90 K, above the
CDW ordering temperature, for the unstrained and strained case. In
(a) measurements are shown through the Bragg peak (−0.24 0 1.5)
peak position, corresponding to CDW order propagating parallel to
the applied stress. In (b) measurements are shown through the Bragg
peak (0 −0.24 1.5) peak position, corresponding to CDW order
propagating perpendicular to the applied stress. (c) Measurements
through (−0.24 0 1.5) in the unstrained configuration, before (UNS
1) and after releasing (UNS 2) applied stress to the sample. (d) The
temperature dependence at (−0.24 0 1.5) with and before strain
(UNS 1). The onset temperature of the CDW order is similar in the
strained and unstrained configurations. All panels show raw data.

in an unstrained configuration (UNS 2). These measurements
show a recovery of the original CDW peak intensity [see UNS
1 in Fig. 3(c)], as well as a recovery of the (0 0 1) peak
temperature dependence.

Notably, our results with uniaxial compressive stress differ
from reported measurements in LNSCO with uniaxial tensile
stress by Boyle et al. [19]. They also observe a reduction
in the CDW peak intensity at low T under stress. However,
where we find TLTT and TCDW are unchanged by the com-
pressive stress we applied, they report that a tensile strain of
εa = +0.046 ± 0.026% reduced both TCDW and TLTT by 29 K.
Moreover, they do not observe an appreciable broadening of
the LTT transition or reduction in the (0 0 1) peak intensity
at low temperatures, as we observed in our study. This may
indicate a marked difference in the impact of tensile versus
compressive stress or in the magnitudes of stress applied in
the two studies, warranting further investigation.

The compressive stress dependence observed in our study
is also in contrast to that of reports in LSCO, where CDW
order occurs within the LTO structural phase. In LSCO, CDW
propagating along the a and b axes would be degenerate in
an unstrained crystal, giving rise to domains of unidirectional
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CDW order that run along both a and b within an individual
layer [18]. As such, even a small uniaxial strain along a or b
can break the degeneracy, detwinning the CDW such that only
a- or b-oriented CDW order occurs, consistent with the mea-
surements of Choi et al. [18]. Notably, in LSCO application of
strain beyond that required to detwin the CDW order did not
further enhance the CDW order [18]. Connecting the obser-
vations to our results in LNSCO, the application of uniaxial
strain here does not have a similar effect of detwinning CDW
order—enhancing CDW order along b and suppressing CDW
order along a. This is likely due to octahedral tilts along a and
b in the LTT structure already being effective at detwinning
the CDW order within individual layers.

In our study, uniaxial stress modifies the octahedral dis-
tortions characteristic of the LTT phase, which subsequently
impacts the in-plane anisotropy of the electronic structure
within an individual layer, such as the nearest-neighbor hop-
ping and exchange interactions. This change in the electronic
anisotropy, in turn, can affect the amplitude of CDW order.
Structural refinements of CDW order in the LTT phase of
LBCO have identified that CDW order within an individual
layer propagates along a direction parallel to the bent O-Cu-O
bonds as depicted in Fig. 1 [31]. While it is not clear how
the electronic anisotropy of the individual layers changes
in response to anisotropic strain, one might expect that the
electronic anisotropy increases for the layers with the applied
stress parallel to the straight O-Cu-O bonds and decreases
for layers with the applied stress perpendicular to the straight
O-Cu-O bonds. If this is indeed the case, our findings of a
suppression of CDW order along H (parallel to the applied
stress) indicate that a reduction in electronic anisotropy of a
layer results in a reduction of CDW order, but the converse
need not be the case.

Ultimately, the net effect of applying uniaxial stress along
the Cu-O bond direction is to suppress CDW order. This is
in accordance with observed increases in the superconducting
transition temperature by applying stress in the [100] direction
in LNSCO [13] and related systems La1.65Eu0.2Sr0.15CuO4

[13] and La1.885Ba0.115CuO4 [15] that share the LTT structure
with LNSCO. As such, at least part of the increase in Tc may
be attributed to the competition of CDW order with supercon-
ductivity. Namely, uniaxial stress affects the anisotropy of the
electronic structure in a manner that suppresses CDW order,
resulting in an enhancement of superconductivity.

In addition to investigating CDW order, we also probe the
Qx = Qy = 0 electronic anisotropy by measuring the temper-
ature dependence of the (0 0 1) Bragg peak under uniaxial
strain at the Cu L edge, in addition to O K edge (at an energy
corresponding to apical oxygen) [6,33,37]. As shown in Fig. 4,
the temperature dependence of the (0 0 1) peak intensity is
different and more gradual when measured at the Cu L relative
to the O K edge, consistent with previous studies without
strain [6,33]. However, uniaxial stress appears to eliminate
this difference in the T dependence.

Achkar et al. [6] argued that this difference in temperature
dependence is due to electronic nematic order that is coupled
to CDW order and is in addition electronic asymmetry that
directly results from the structure distortions. Moreover, al-
though the (0 0 1) peak measures the difference in orbital
symmetry between neighboring layers, in the unstrained case

FIG. 4. Temperature dependence of the structural-nematic (0 0 1)
Bragg peaks for planar and apical atoms. (a) Temperature evolution
of the θ -2θ scans of the (0 0 1) Bragg peak at the Cu L edge under
in-plane, compressive uniaxial strain. (b) Comparison of temperature
dependence of the (0 0 1) peak measured at the Cu L (931.3 eV)
and apical O K edge (533.3 eV) energies for unstrained and strained
cases. Scattering intensity is normalized at 20 K. The temperature
evolution of the (0 0 1) peak at the two energies differs in the
unstrained case [6], but evolves similarly under uniaxial stress.

the symmetry of the crystal structure is such that this differ-
ence in the interlayer orbital asymmetry maps to a measure
of nematicity within a single layer. However, because of the
inequivalence of neighboring layers under anisotropic strain,
this mapping is not valid, complicating the interpretation of
the (0 0 1) peak T dependence under uniaxial stress.

The lack of a difference in the T dependence between Cu L
and apical O K measurements may indicate that uniaxial stress
suppresses electronic nematic order within individual layers.
However, it may also indicate that nematic order remains
strong and is perhaps saturated. In this scenario, uniaxial stress
may align electronic nematic order between neighboring lay-
ers, such that signatures of it cancel in measurements of the (0
0 1) Bragg peak. Future work will be required to differentiate
the origin of this anomalous result.

In conclusion, we find that in La1.475Nd0.4Sr0.125CuO4,
uniaxial stress along [100] suppresses the magnitude of CDW
order parallel to the applied stress, but has little impact on
CDW order propagating perpendicular to the applied stress.
We attribute this suppression to modification of the electronic
asymmetry within the CuO2 planes rather than a detwinning
of CDW order, seen in LSCO. Signatures of nematic order,
as observed via the relative temperature dependence of the
(0 0 1) peak at the Cu L edge and O K edge, are also observed
to be suppressed by uniaxial strain. This suppression of CDW
order is likely linked to the enhancement of superconductivity
under uniaxial stress along the [100] direction.
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