
RESEARCH ARTICLE PHYSICS

Orbital-selective time-domain signature of nematicity dynamics
in the charge-density-wave phase of La1.65Eu0.2Sr0.15CuO4
Martin Bluschkea,b,1,2 ID , Naman K. Guptac,1 ID , Hoyoung Jangd,e ID , Ali. A. Husaina,b , Byungjune Leef,g ID , Minjune Kima,b ID , MengXing Naa,b ,
Brandon Dos Remediosa,b , Steef Smita,b , Peter Moena,b , Sang-Youn Parkd ID , Minseok Kimd , Dogeun Jangd , Hyeongi Choid ID , Ronny Sutartoh ID ,
Alexander H. Reidi , Georgi L. Dakovskii , Giacomo Coslovichi , Quynh L. Nguyeni,j , Nicolas G. Burdeti,k , Ming-Fu Lini , Alexandre Revcolevschil ,
Jae-Hoon Parkf,g , Jochen Geckm,n , Joshua J. Turneri,k ID , Andrea Damascellia,b,2 ID , and David G. Hawthornc,2

Edited by J.C. Davis, University of Oxford, Oxford, United Kingdom; received January 12, 2024; accepted April 25, 2024

Understanding the interplay between charge, nematic, and structural ordering
tendencies in cuprate superconductors is critical to unraveling their complex phase
diagram. Using pump–probe time-resolved resonant X-ray scattering on the (0 0 1)
Bragg peak at the Cu L3 and O K resonances, we investigate nonequilibrium dynamics
of Qa = Qb = 0 nematic order and its association with both charge density wave
(CDW) order and lattice dynamics in La1.65Eu0.2Sr0.15CuO4. The orbital selectivity
of the resonant X-ray scattering cross-section allows nematicity dynamics associated
with the planar O 2p and Cu 3d states to be distinguished from the response of
anisotropic lattice distortions. A direct time-domain comparison of CDW translational-
symmetry breaking and nematic rotational-symmetry breaking reveals that these
broken symmetries remain closely linked in the photoexcited state, consistent with
the stability of CDW topological defects in the investigated pump fluence regime.

cuprates | nematicity | charge density wave order | time-resolved resonant X-ray scattering |
nonequilibrium electronic dynamics

Quantum materials with strong electronic correlations typically exhibit a variety of
intertwined electronic ordering tendencies that have very similar, or even identical, energy
and temperature scales (1). These include, for example, antiferromagnetism, charge-
and spin-density waves, orbital order, superconductivity, and nematicity. A famous
case highlighting the importance of intertwined order is the cuprate high-temperature
superconductors (2, 3). Quite recently, charge density wave (CDW) order, a translational-
symmetry-breaking modulation of low-energy charge degrees of freedom, was identified
as a generic phase of the cuprates that coexists and competes with superconductivity (4).
This competition has been observed as a function of temperature, hole-doping, applied
magnetic fields, uniaxial strain, and optical pumping (5–14). In addition to CDW order,
cuprates also exhibit nematic order (15–27), a breaking of the rotational symmetry of
the electronic structure within the CuO2 planes from four- to two-fold symmetric (C4
rotational symmetry breaking).

Electronic liquid crystal phases with varying combinations of broken rotational and
translational symmetries have been theorized (28, 29), thus making it desirable to
probe each broken symmetry independently. When present, electronic nematic order
is able to couple to CDW order favoring a unidirectional character of the CDW.
While spontaneous rotational symmetry breaking has been predicted in many early
theoretical studies of doped antiferromagnets (30–36), the effect of quenched disorder
in real materials can be significant resulting in locally preferred stripe orientations
and pinning of stripe fluctuations, which can obscure both macroscopic anisotropies
as well as intrinsic energy and temperature scales (37). Alternately, when the crystal
structure explicitly breaks the C4 rotational symmetry of the CuO2 planes, the
lattice itself provides an orienting potential for intrinsic nematic correlations. For
example, this is the case in the three-dimensional CDW state of orthorhombic
YBa2Cu3O6+� (YBCO) (8, 9, 38, 39) as well as in the low-temperature tetragonal
(LTT) phase of “214” cuprates such as La2−xBaxCuO4, La1.6−xNd0.4SrxCuO4, and
La1.8−xEu0.2SrxCuO4. Although these orthorhombic crystal structures naturally induce
rotational asymmetry in their electronic structure, nematicity is identified with an
additional temperature-dependent enhancement of this rotational asymmetry, driven by
undirectional CDW formation or strong electronic correlations, such as nearest neighbor
Coulomb repulsion of planar O states or exchange interactions (27, 40–43).

A recent breakthrough involved the identification of an equilibrium resonant X-ray
scattering (RXS) signature of nematic order in various 214 cuprate superconductors
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and its relationship to both the crystal structure and CDW
order (44, 45). In these measurements, nematicity was probed
by measuring the (0 0 1) Bragg peak using photons tuned to
the Cu L3, the O K and the La M5 resonances. The (0 0 1)
reflection is forbidden in the high-temperature structural phases
of these materials but is detectable on resonance in the LTT
phase (T < TLTT ≈ 135 K). Fig. 1A schematically depicts
the layered 214 cuprate structure. The intensity of the (0 0 1)
reflection is a measure of the contrast between the resonant
scattering form factors of corresponding ions in neighboring
layers along the c direction. From symmetry arguments, this
contrast results from a local ab-plane anisotropy which rotates
by �/2 around the c-axis with each consecutive layer (44). By
choosing incident photon energies associated with the various
accessible core-valence resonances it is possible to probe the local
ab-plane anisotropy associated with the valence electronic states
of each ion independently. When the incident photon energy
matches the La M5 (835 eV) or the apical O K (532.4 eV)
resonances the Q = (0 0 1) RXS intensity is a measure of

the anisotropic structural distortion associated with the LTT
phase and a single order parameter-like onset of intensity is
observed at TLTT. In contrast, the (0 0 1) reflection measured at
the Cu L3 resonance (931.7 eV) or the planar O K resonance
(528.7 eV) is additionally sensitive to nematicity in the CuO2
planes. Fig. 1C shows the equilibrium temperature dependence
of the Q = (0 0 1) RXS intensity at the apical O K and Cu L3
resonances in La1.65Eu0.2Sr0.15CuO4 (LESCO). At the Cu L3
resonance, the initial onset of intensity near 135 K corresponds
to TLTT, whereas the additional upturn near 75 K indicates
the onset of nematic order, whose temperature dependence is
correlated with the breaking of translational symmetry measured
at QCDW = (0.264 0 1.5).

Equilibrium studies of the (0 0 1) Bragg peak require detailed
temperature-dependent measurements in order to isolate the
electronic nematic component. Here, we present a nonequilib-
rium measurement approach based on time-resolved resonant
X-ray scattering (tr-RXS), in which we are able to disentangle
electronic and lattice contributions to the (0 0 1) Bragg peak by
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Fig. 1. La1.65Eu0.2Sr0.15CuO4 structure, equilibrium RXS results, and tr-RXS experiment. (A) Crystal structure of LESCO. The crystal axes are labeled according
to the high-temperature tetragonal (HTT) setting, and the CuO2 planes are highlighted in pale red. (B) Schematic depiction of the pump–probe geometry used to
access the Q = (0 0 1) peak originating from the layer alternating ab-plane anisotropy. (C) Equilibrium temperature dependence of the apical O K RXS intensity
at Q = (0 0 1) compared with the Cu L3 RXS intensity at Q = (0 0 1) and QCDW = (0.26 0 1.5). (D) Planar O K tr-RXS intensity at Q = (0 0 1) probed along the
(0 0 L) direction in a � − 2� scan. The equilibrium peak profile is compared with scans taken 0.6 ps and 20 ps after excitation with 1.55 eV pump photons at a
fluence of 50 μJ/cm2. (E) tr-RXS intensity at the apical O K resonance for Q = (0 0 1) at 20 K as a function of pump–probe delay. The pump–probe response is
sensitive only to the anisotropy induced by the LTT structural distortion and becomes unobservable for low fluences.
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virtue of their distinct responses to optical pumping combined
with the orbital selectivity of the RXS cross-section. Pump–probe
experiments on cuprates make use of optical laser pulses to excite
nonequilibrium populations of hot electrons or drive vibrational
modes of the lattice. At low pump fluences these experiments
have been successful at revealing important information about the
low-energy excitations of equilibrium ordered states (13, 14, 46–
51), whereas with higher pump fluences states of matter
far from equilibrium can be accessed, such as photoinduced
superconductivity (52–57) or states with renormalized onsite
Coulomb interactions (58). Here, we report a pump-probe time-
and orbital-resolved investigation of nematicity in a cuprate
superconductor. We carefully study the response of both the
lattice anisotropy and electronic nematicity as a function of
fluence in order to establish a perturbative regime, in which
nematicity dynamics can be studied without strongly disturbing
related lattice degrees of freedom.

Results

In this section, we describe the results of pump–probe tr-
RXS measurements of LESCO, probing at momentum transfer
Q = (0 0 1). The system is excited using 50 fs pulses of a 1.55 eV
(800 nm) Ti:sapphire laser, and then probed at varying time
delays with respect to the excitation using 80 fs soft X-ray pulses.
The experiment was performed using the Resonant Soft X-ray
Scattering (RSXS) instrument (60) at the Pohang Accelerator
Laboratory X-ray Free Electron Laser (PAL-XFEL), operating at
a 60 Hz repetition rate. In Fig. 1D we plot a representative scan
of the Q = (0 0 1) peak taken along the (0 0 L) direction at 20 K
and with probe photons tuned to the planar O K resonance.
In order to visualize the pump-induced peak intensity changes
which we discuss throughout this report, we have plotted the
corresponding scans taken immediately after (∼0.5 ps) and at a
longer time delay (20 ps) with respect to the excitation for a pump
fluence of 50 μJ/cm2. Fig. 1B schematically depicts the pump–
probe geometry with respect to the layer-alternating anisotropy
in the low-temperature CDW state.

In order to first identify and isolate the pump-induced response
of the lattice, we show in Fig. 1E theQ = (0 0 1) tr-RXS intensity
measured at the apical O K resonance as a function of pump–
probe delay. The choice of the apical O resonance guarantees

sensitivity to rotational symmetry breaking driven by the LTT
structural distortion, without electronic contributions associated
with the CuO2 planes. The LTT structure demonstrates a slow
response to optical pumping, characteristic of lattice dynamics,
which become vanishingly small for low pump fluences.

When measured at the planar O K or Cu L3 resonances the
Q = (0 0 1) RXS intensity is sensitive to rotational symmetry
breaking associated with both the LTT lattice distortion as well
as with electronic nematicity of the CuO2 planes. Based on the
fluence-dependent tr-RXS measurements presented in Fig. 1E,
we identify a low-fluence regime (approx. F < 100 μJ/cm2) in
which the optical pump does not induce a significant response in
the lattice. Fig. 2 shows the low fluence (50 μJ/cm2) dynamics
observed for incident photons tuned to the apical OK , the planar
O K , and the Cu L3 resonances, and for a series of temperatures
below and above TCDW. Whereas the Q = (0 0 1) RXS
intensity at the apical OK resonance is unperturbed with this low
pump fluence, measurements at the planar O K and the Cu L3
resonances detect a large and fast response to pumping, clearly
distinct from the LTT structural dynamics. Importantly, the
temperature dependence of the fast (0 0 1) peak dynamics at the
planar O K and the Cu L3 resonances is correlated with the onset
of CDW order, indicating that the fast dynamics are associated
with electronically driven rotational symmetry breaking.

Having established the coincident onset of broken rotational
and translational symmetry as a function of temperature, it is of
interest to ask whether and how these broken symmetries remain
linked in the photoexcited state. We address this question by
probing the photoexcited dynamics of the CDW translational
symmetry breaking at QCDW = (0.26 0 1.74). Fig. 3 A and B
compares the time-domain response of the Cu L3 Q = 0 0 1
and QCDW RXS intensities at 20 K and with a pump fluence
of 50 μJ/cm2. Despite the lower signal-to-noise ratio of the
QCDW measurement, the two orders appear to be suppressed and
recover together. Each dataset is plotted together with a single-
exponential fit to the recovery dynamics. When interpreting the
normalized intensities in Fig. 3 A and B it is important to
consider that I(Δt) and I0 refer to total scattering intensities
at Q = (0 0 1) and QCDW, including all background signals at
those Q vectors. At the Cu L3 resonance and Q = (0 0 1) the
background scattering is dominated by orbital anisotropy of the
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Fig. 2. Temperature series at low fluence. Normalized tr-RXS intensity (I(Δt)/I0) at Q = (0 0 1) as a function of pump–probe delay in LESCO (x = 0.15) with
TCDW ≈ 75 K (44, 59). Pump photon energy 1.55 eV and fluence 50 μJ/cm2. (A) The tr-RXS intensity at the apical O K resonance, sensitive only to structural
distortions, is unperturbed by the optical pump at this low fluence. The planar O K resonance (B) and the Cu L3 resonance (C) are sensitive to pump-induced
nematicity dynamics in the CDW phase.

PNAS 2024 Vol. 121 No. 23 e2400727121 https://doi.org/10.1073/pnas.2400727121 3 of 8



C

I(
Δt

)/I
0

at
 Q

=(
00

1)
I(
Δt

)/I
0

at
 Q

C
D

W

Amplitude suppression

Amplitude suppression
& topological defects

A

B

Fig. 3. Comparison of CDW and nematicity dynamics. (A) CDW translational-symmetry breaking dynamics and (B) nematic rotational-symmetry breaking
dynamics measured at QCDW = (0.26 0 1.74) and Q = (0 0 1), respectively. Both datasets were taken at 20 K using probe photons resonant to the Cu
L3 resonance. (C) Schematic depiction of CDW degradation via amplitude suppression or the combination of amplitude suppression and topological defect
formation.

Cu d states resulting from the LTT structural distortion which
alters the crystal field environment around each Cu atom. This
LTT contribution is only weakly effected by the pump (Fig. 1E),
but accounts for approx. 80% of the total intensity. AtQCDW , the
background scattering is dominated by fluorescence and diffuse
scattering and constitutes slightly more than 99% of the total
signal at this Q . Accordingly, the dynamics observed in Fig. 3 A
and B correspond to almost complete suppressions of the nematic
and CDW orders respectively.

At higher fluences, where both the lattice and electronic
subsystems are significantly excited, it is more challenging to
differentiate contributions to the Q = (0 0 1) RXS intensity.
In order to do so, we study the fluence dependence of the
tr-RXS signal for various temperatures and at each resonance.
Fig. 4A shows the fluence dependence of the planar O K
resonance Q = (0 0 1) suppression at 20 K (T < TCDW)
and at 100 K (T > TCDW), immediately following the pump
excitation (pump–probe delay +0.5 ps). On the same plot we
show the corresponding fluence dependence of the apical O
K resonance Q = (0 0 1) suppression at 20 K (pump–probe
delay +0.7 ps). The apical O measurement captures the fluence-
dependent response of the lattice at short time delays. Similarly,
the dynamics observed at the planar resonance trend toward
a lattice-like response as the temperature is increased beyond
TCDW. As the pump fluence is increased, a discrepancy develops
between the 20 K data at the apical resonance and the 100 K
data at the planar resonance. This discrepancy may result from
the temperature-dependent susceptibility of the LTT distortion
to optical pumping, whose time-domain response is expected
to be a complicated function of both temperature and pump
fluence. Alternately, the stronger response seen in the 100 K
planar resonance data may correspond to the suppression of

high-temperature residual nematicity, associated with either a
purely nematic state or with weak short-range CDW correlations.

The apical O K fluence scan in Fig. 4A has been fit with a
line (shaded red) to determine the slope of the fluence-dependent
suppression of the LTT distortion. This slope is then subtracted
from fluence-dependent measurements taken at the planar O
K resonance for a series of temperatures. The resulting curves
are normalized to the maximum pump–probe effect observed
at high fluence and plotted together in Fig. 4B. The response
of nematicity to optical pumping saturates at a pump fluence
which is either constant or increasing slightly with temperature.
In contrast, if the pump-induced effect were driven purely by
the post-pump evolution of the transient electronic temperature,
one may have expected a decreasing saturation fluence at higher
temperatures. Accordingly, this indicates that the suppression
of nematic order at short time delays is associated with the
establishment of a nonthermal electronic state (61).

Discussion

Differentiating translational and rotational-symmetry breaking
in CDW-ordered cuprates is difficult but of fundamental inter-
est (23, 24, 39, 62–67). Of the known stripe-ordered cuprates,
La2−xBaxCuO4 with x ∼ 1/8 demonstrates the most pro-
nounced CDW and has therefore remained a prototype for CDW
diffraction studies. Previous tr-RXS studies of La2−xBaxCuO4
have focused on the pump-induced response of the QCDW
reflection, associated with translation symmetry breaking in the
CDW phase, and have treated the Q = (0 0 1) reflection purely
as a reference probe of the LTT lattice distortion (50, 51, 55, 57).
Here, we show that the tr-RXS intensity at Q = (0 0 1) in the
related material LESCO can be an extremely sensitive probe
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A

B

Fig. 4. Fluence dependence. (A) Pump-induced suppression (1− I(Δt)/I0) of
the O K resonanceQ = (0 0 1) tr-RXS intensity at short time delay as a function
of fluence. The 20 K signal at the planar O K resonance comprises both lattice
and electronic contributions, while the apical resonance is sensitive only to
structural anisotropy. The signal at the planar O K resonance is also shown
at T = 100 K > TCDW, where its fluence dependence is qualitatively similar
to that observed at the apical O K resonance. The shaded red line is a linear
fit to the apical O K resonance data. (B) Fluence-dependent suppression of
the electronic nematic signal at +0.5 ps (near maximum suppression). The
fluence-dependent response of the lattice is captured by a linear fit to the
20 K apical O data plotted in red in (A) and then subtracted from fluence scans
collected at the planar O K resonance inside the CDW phase.

of both LTT lattice dynamics, as well as nematicity dynamics,
depending on the choice of probe photon energy.

Selective measurements of CuO2 plane nematicity dynamics
demonstrate that rotational symmetry breaking in the pho-
toexcited state remains coupled to the translational symmetry
breaking observed at QCDW. In contrast, the dynamics observed
at the apical O resonance and shown in Fig. 1E are typical
of the lattice response to photoexcitation in cuprates (68, 69),
and have no apparent sensitivity to CDW order. Hot electrons
excited by the optical pump decay via electron–phonon coupling
mediated channels, eventually exciting the entire phonon bath
and weakening the LTT distortion over several picoseconds. In
contrast, the nematic signal observed below TCDW and plotted in
Fig. 2 B and C is suppressed within hundreds of femtoseconds,
consistent with the direct electronic coupling of nematicity to
the photoexcited electronic population. Alternately, the fast
suppression may involve the participation of phonon modes
which are strongly coupled to the CuO2 plane electronic degrees
of freedom, such as the transverse acoustic and optical phonon
modes, which are known to experience a softening at the CDW
wave vector in the CDW phase (70). The subsequent recovery of
the nematic signal unfolds over several picoseconds, comparable
to the timescale of the LTT suppression, suggesting a scenario in
which the recovery of the electronic nematic ground state occurs
via an electron–phonon coupling mediated transfer of energy to
the lattice. The recovery of the LTT distortion proceeds over a
significantly longer time scale associated with the time it takes

for acoustic phonons generated in the pump process to leave the
probed region.

Similar to liquid crystals, which can be characterized by
both a nematic and a smectic order parameter (71), the low-
temperature states of the cuprates appear to be characterized by
rotational (Ising nematic) and translational (CDW) symmetry-
breaking order parameters. These orders are distinct, opening
up the possibility that nematic order may survive the melting of
CDW order in at least some range of parameter space. A close
inspection of Fig. 2 B and C reveals that although the low fluence
suppression of nematic order remains largely locked to the onset
of CDW order, residual dynamics are observed at 80 K, above the
nominal TCDW determined from equilibrium energy-integrated
RXS. This observation may be understood as evidence of nematic
order existing in the absence of CDW translational symmetry
breaking, similar to observations of nematic order outside
the CDW dome in overdoped La1.6−xNd0.4SrxCuO4 (45).
Alternately, these residual nematicity dynamics may track weak
amplitude, short-range CDW correlations similar to those ob-
served at high temperatures by resonant inelastic X-ray scattering
measurements (72, 73). Whatever the precise origin, residual
nematicity at high temperatures may also be responsible for the
slight discrepancy between the 100 K planar O and the 20 K
apical O fluence dependences shown in Fig. 4A.

Comparing the nonequilibrium dynamics of the CDW and
nematic orders provides insight into the role of photoexcited
topological defects in suppressing CDW order. While the CDW
order parameter is described by a wavevector, an amplitude, and
a phase, the nematic order parameter is simply described by
an Ising-like director and an amplitude. Translational symmetry
breaking in the CDW phase may be degraded either by amplitude
suppression or by the introduction of topological defects such as
discommensuration lines and dislocations, which suppress long-
range phase coherence. Previous investigations have observed
both the presence (13, 50, 74) and absence (72) of topological
defects in photoinduced phase transitions of CDW systems.
When present, photoexcited topological defects have been shown
to decay over a longer time scale than the recovery of the
amplitude mode, thus leading to two time scales in the CDW
recovery dynamics (74). In contrast, nematic order is expected
to recover with the amplitude. In Fig. 3C two scenarios are
depicted schematically, one in which a defect-free uniaxial CDW
is suppressed via pure amplitude suppression, and one in which
CDW topological defects are additionally generated by the
pump excitation. The observation that CDW and nematic order
recover together following photoexcitation (Fig. 3 A and B) is
consistent with a scenario in which the pump does not excite
a significant number of CDW topological defects. Alternate
fits to these recovery dynamics using two exponential recovery
terms are presented in SI Appendix. These do not improve the
quality of the fits. In the bilayer cuprate Bi2Sr2CaCu2O8+�
(Bi2212), equilibrium scanning tunneling microscopy studies
have demonstrated that CDW topological defects are observed
at locations where the nematic order parameter is spatially
fluctuating (24). In the case of LESCO, the strong potential
defined by the LTT distortion—to which the CDW is nearly
commensurate—suppresses pump-induced fluctuations of the
nematic director that would otherwise result in the formation of
CDW dislocations. We emphasize that such a pinning scenario
does not preclude the existence of static CDW defects which are
simply not perturbed at low pump fluences.

Understanding the role of CDW topological defects in
the photoinduced dynamics of the cuprates is relevant to
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understanding the relationship between CDW order and su-
perconductivity. In the cuprate superconductor YBCO, where
the uniaxial LTT distortion is absent, the locations of CDW
discommensuration lines have been associated with the pres-
ence of superconductivity, whose optical melting leads to a
strengthening of the CDW phase coherence (13). In contrast,
CDW order in La1.875Ba0.125CuO4 is insensitive to Tc (5),
and the phase-resolved topology of the CDW domain network
remains stable against temperature above both the CDW and
LTT transitions, melting only for T > TLTO, where four-fold
symmetry is restored in the CuO2 plane (75). It is therefore
not surprising that, in the related material LESCO, the 50
μJ/cm2 optical pump used in our experiment does not generate
significant changes in the CDW topology. Our result is also
reminiscent of the photoinduced CDW dynamics observed in
the 214 stripe-ordered nickelate La1.75Sr0.25NiO4, where it was
argued that the photoexcited state involves both amplitude and
phase fluctuations of the CDW, but that topological defects
are not created due to the large energy cost associated with
reconfiguring a large number of spins and charges in the coupled
charge- and spin-stripe phase (76).

Identifying the local physics associated with rotational symme-
try breaking observed via macroscopic probes (15, 16, 22, 25, 77)
often proves to be a challenge. Here, we have demonstrated
an orbital-selective time-resolved probe of electronic nematic
order which accompanies the CDW phase in LESCO. The
Q = (0 0 1) RXS signal averages over the entire ab-plane
(Qa = Qb = 0) while simultaneously being sensitive to intra-
unit-cell asymmetries of the Cu 3d and O 2p states. The
evolution of nematicity dynamics as they are gradually unlocked
from the translational symmetry-breaking CDW order with
additional hole-doping is not fully understood. Future studies
may investigate pump-induced nematicity dynamics across the
cuprate phase diagram, with a particular focus on the phase
region just below the pseudogap critical point, where electronic
nematic order was recently reported to persist in the absence of a
translational-symmetry breaking CDW (45). More generally, our
results demonstrate the ability to capture the ultrafast behavior
of nonequilibrium nematicity dynamics using tr-RXS, thereby
paving the way for future tr-RXS studies of Q = 0 nematic
correlations in other systems such as 1T−TiSe2, which exhibits
an ordered stacking of three uniaxial CDW’s with distinct
wavevector orientations (78).

Materials and Methods
Sample Preparation. Single crystal La1.65Eu0.2Sr0.15CuO4 was grown using
the traveling solvent floating zone technique at the Université Paris-Saclay. The
data presented in the main manuscript was collected on a sample which was
cleaved in air to expose a clean surface with an approximate (0 0 1) orientation.
The sample dimensions were approximately 2.5 mm× 1 mm× 1 mm.

Equilibrium Resonant X-Ray Scattering. Equilibrium RXS measurements of
both the Q = (0 0 1) Bragg peak and the QCDW peak were performed at the
REIXS beamline (79) of the Canadian Light Source on the same sample which
was subsequently studied by tr-RXS. A subset of these data are presented in
Fig. 1C of the main manuscript. These temperature-dependent peak intensities
were collected with �-polarized photons (polarized parallel to the planar CuO2
bonds). The indicated reciprocal lattice units (r.l.u.) are defined using real-space
lattice constants a = b = 3.79 Å and c = 13.14 Å, where the a and b
lattice constants are oriented along the planar CuO2 bonds reflecting the high-
temperature tetragonal crystal symmetry.

Time-Resolved Resonant X-Ray Scattering. The tr-RXS measurements pre-
sented here were performed at the RSXS endstation of the PAL-XFEL in a

vacuum of 2 × 10−8 mbar. A base temperature of ∼20 K was achieved
in our experiment using a liquid Helium flow cryostat. Probe XFEL pulses
with �-polarization were produced at a repetition rate of 60 Hz through self-
amplified spontaneous emission by passing a 3.15 GeV electron beam through
the undulators of the soft X-ray scattering and spectroscopy beamline. A plane
grating monochromator was used to achieve monochromatic pulses with a
bandwidth of ∼0.5 eV, tuned to the relevant soft X-ray resonances: Cu L3
(931.7 eV), La M5 pre-edge (832 eV), apical O K (532.4 eV), and planar O K
(528.7 eV). The XFEL pulse duration and spot size were approximately 80 fs
and 130 μm× 250 μm, respectively. Scattered X-rays were detected using an
avalanche photodiode with a 1 mm aperture positioned at 150 mm from the
sample.

Pump–Probe Scheme. The optical pump pulses were produced using a 1.55 eV
Ti:Sapphire laser and delivered to the sample approximately collinear to the
trajectory of the probing XFEL pulse. The pump repetition rate was set to 30 Hz
such that every second XFEL pulse probes the optically excited system (for
positive time delays), while the others probe the equilibrium state. The optical
pump spot size (∼650 μm × 550 μm) was significantly larger than the XFEL
probe spot size, so as to minimize the spatial inhomogeneity of the pumping
observed by the probe. The optical pump was �-polarized (parallel to the CuO2
planes and the � rotation axis) so as to ensure a constant orientation of the
polarization with respect to the crystal axes for all incidence angles �. A test
of the Q = (0 0 1) tr-RXS intensity at the Cu L3 resonance indicated that the
pump-induced Q = (0 0 1) dynamics are independent of the choice of pump
polarization (parallel or perpendicular to the CuO2 planes). The pump laser
fluence was controlled using a motorized attenuator consisting of a half-wave
plate and two broadband thin film polarizers. The reported fluences correspond
to the incident fluence after correcting for the different pump (and probe)
incidence angles used when probing the (0 0 1) Bragg Peak at different resonant
photon energies. The duration of the pump pulse was ∼50 fs and the delay
time between the arrival of the pump and probe pulses was controlled by a
mechanical delay stage. Spatial and temporal overlap of the pump and probe
spots was achieved using a Ce:YAG crystal (YAG). Absorption of the soft X-ray
pulse in the YAG generates free carriers giving rise to a measurable change in
its optical properties. After positioning both spots at the same location on the
YAG, temporal overlap was achieved by scanning the pump delay stage and
monitoring the optical transmission. The overall time resolution achieved at the
RSXS endstation is approximately 110 fs.

Data Analysis. The normalized tr-RXS intensities plotted in Figs. 1E, 2, and 3
of the main manuscript correspond to the ratio of the tr-RXS intensity I(Δt)
measured at time delay Δt after the pump arrival, and the equilibrium RXS
intensity I0 measured before the pump arrival. In turn, I(Δt) and I0 are both
obtained by normalizing the scattering intensity recorded on the avalanche
photodiode by the incident XFEL pulse intensity obtained from a Krypton gas
monitor detector located downstream from the grating monochromator. The
data in these time-delay scans were binned to the nominal step size of the
mechanical delay stage (100 fs for the first 5 ps after excitation). A description of
the models used to fit the tr-RXS time traces is provided in SI Appendix. In order
to capture the saturating effect of the pump, in the main manuscript Fig. 4A we
plot (1− I(Δt)/I0), and in Fig. 4B we plot the same quantity after subtraction
of the structural background as described in the text.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.

ACKNOWLEDGMENTS. We gratefully acknowledge Matteo Mitrano, Fabio Bos-
chini, Giorgio Levy, Marta Zonno, Eduardo da Silva Neto, Alex Frano, Steve Dodge,
and Vincent Esposito for useful discussions. We also acknowledge assistance
from Hiruy Hale and Andrew Dube from Science Technical Services in machining
sample holders suitable for resonant soft X-ray scattering and time-resolved
resonant soft X-ray scattering experiments. Funding for this research has been
provided by the Alexander von Humboldt Foundation in the form of a Feodor
Lynen Research Fellowship (M.B.). This research is funded in part by a QuantEmX
(Quantum Emergence Exchange) Grant from the Institute for Complex and

6 of 8 https://doi.org/10.1073/pnas.2400727121 pnas.org

https://www.pnas.org/lookup/doi/10.1073/pnas.2400727121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2400727121#supplementary-materials


Adaptive Matter and the Gordon and Betty Moore Foundation through Grant
GBMF5305 to Dr. Martin Bluschke. N.K.G. acknowledges support from the
Waterloo Institute of Nanotechnology, Mike & Ophelia Lazaridis Quantum-
Nano Centre at University of Waterloo, Canada. The time-resolved resonant
X-ray scattering experiments were performed at the Soft X-ray Spectroscopy
and Scattering beamline - Resonant Soft X-ray Scattering endstation (Proposal
No.: 2022-1st-SSS-028) of the Pohang Accelerator Laboratory X-ray Free
Electron Laser funded by the Korea government (Ministry of Science and
Information and Communication Technology). H.J. acknowledges the support
by the National Research Foundation Grant funded by the Korea government
(Ministry of Science and Information and Communication Technology) (Grant No.
2019R1F1A1060295). This work was supported by Global Science experimental
Data hub Center and KREONET (Korean National Research and Education
Network) provided by the Korea Institute of Science and Technology Information.
This research was undertaken thanks in part to funding from the Max Planck-
University of British Columbia-University of Tokyo Center for Quantum Materials
and the Canada First Research Excellence Fund, Quantum Materials and Future
Technologies Program. This project is also funded by the Gordon and Betty
Moore Foundation’s EPiQS Initiative, Grant GMBF4779 (A.D.); the Killam,
Alfred P. Sloan, and Natural Sciences and Engineering Research Council of
Canada’s (NSERC’s) Steacie Memorial Fellowships (A.D.); the Alexander von
Humboldt Foundation (A.D.); the Canada Research Chairs Program (A.D.);
NSERC, Canada Foundation for Innovation (CFI); the Department of National
Defence; the British Columbia Knowledge Development Fund; and the Canadian
Institute for Advanced Research Quantum Materials Program. The work at Max
Planck - Pohang University of Science and Technology/Korea Research Initiative
was supported by the National Research Foundation of Korea funded by the
Ministry of Science and Information and Communication Technology, Grant
Nos. 2022M3H4A1A04074153 and 2020M3H4A2084417. Part of the research
described in this paper was performed at the Canadian Light Source, a national
research facility of the University of Saskatchewan, which is supported by the
CFI, the NSERC, the National Research Council Canada, the Canadian Institutes
of Health Research, the Government of Saskatchewan, and the University of
Saskatchewan. Preliminary work was performed at the Linac Coherent Light

Source, SLAC National Accelerator Laboratory, which is supported by the U.S.
Department of Energy, Office of Science, Office of Basic Energy Sciences
under Contract No. DE-AC02-76SF00515 (A.H.R., G.L.D., G.C., Q.L.N., N.G.B.,
and M.F.L.). J.J.T. also acknowledges support from the U.S. Department
of Energy, Office of Science, Basic Energy Sciences, Materials Sciences and
Engineering Division, under Contract No. DE-AC02-76SF00515 through the
Early Career Research Program. Q.L.N. acknowledges support from the Bloch
Fellowship in Quantum Science and Engineering by the Stanford-SLAC Quantum
Fundamentals, Architectures and Machines Initiative. J.G. acknowledges his
support by the Deutsche Forschungsgemeinschaft through SFB 1143 (Project-id
247310070), the Würzburg-Dresden Cluster of Excellence on Complexity and
Topology in Quantum Matter–ct.qmat (EXC 2147, Project-id 390858490), and
SFB 1415 (Project-id 417590517).

Author affiliations: aQuantum Matter Institute, University of British Columbia, Vancouver,
BC V6T 1Z4, Canada; bDepartment of Physics and Astronomy, University of British
Columbia, Vancouver, BC V6T 1Z1, Canada; cDepartment of Physics and Astronomy,
University of Waterloo, Waterloo, ON N2L 3G1, Canada; dX-ray Free Electron Laser
Beamline Division, Pohang Accelerator Laboratory, Pohang University of Science and Tech-
nology, Pohang 37673, Gyeongbuk, Republic of Korea; ePhoton Science Center, Pohang
University of Science and Technology, Pohang 37673, Gyeongbuk, Republic of Korea;
fMax Planck - Pohang University of Science and Technology/Korea Research Initiative,
Center for Complex Phase Materials, Pohang 37673, Republic of Korea; gDepartment
of Physics, Pohang University of Science and Technology, Pohang 37673, Republic of
Korea; hCanadian Light Source, Saskatoon, SK S7N 2V3, Canada; iLinac Coherent Light
Source, Stanford Linear Accelerator Center National Accelerator Laboratory, Menlo Park,
CA 94025; jStanford PULSE Institute, Stanford University and Stanford Linear Accelerator
Center National Accelerator Laboratory, Menlo Park, CA 94025; kStanford Institute for
Materials and Energy Sciences, Stanford Linear Accelerator Center National Accelerator
Laboratory and Stanford University, Menlo Park, CA 94025; lInstitut de Chimie Moléculaire
et des Matériaux d’Orsay, Université Paris-Saclay, Centre National de la Recherche
Scientifique, UMR 8182, 91405 Orsay, France; mInstitute of Solid State and Materials
Physics, Technische Universität Dresden, 01069 Dresden, Germany; and nWürzburg-
Dresden Cluster of Excellence ct.qmat, Technische Universität Dresden, 01062 Dresden,
Germany

Author contributions: M.B., A.D., and D.G.H. designed research; M.B., N.K.G., H.J., A.A.H.,
B.L., M.N., S.-Y.P., Minseok Kim, D.J., H.C., R.S., A.H.R., G.L.D., G.C., Q.L.N., N.G.B., M.-F.L.,
A.R., J.-H.P., J.G., J.J.T., A.D., and D.G.H. performed research; M.B., N.K.G., H.J., B.L., Minjune
Kim, M.N., B.D.R., S.S., P.M., G.C., Q.L.N., J.-H.P., J.J.T., A.D., and D.G.H. analyzed data; and
M.B., N.K.G., A.D., and D.G.H. wrote the paper.

1. B. Keimer, J. E. Moore, The physics of quantum materials. Nat. Phys. 13, 1045–1055 (2017).
2. E. Fradkin, S. A. Kivelson, J. M. Tranquada, Colloquium: Theory of intertwined orders in high

temperature superconductors. Rev. Mod. Phys. 87, 457–482 (2015).
3. B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, J. Zaanen, From quantum matter to high-

temperature superconductivity in copper oxides. Nature 518, 179–186 (2015).
4. R. Comin, A. Damascelli, Resonant X-ray scattering studies of charge order in cuprates. Annu. Rev.

Condens. Matter Phys. 7, 369–405 (2016).
5. M. Hücker et al., Stripe order in superconducting La2−xBaxCuO4 (0.095 ≤ x ≤ 0.155).

Phys. Rev. B 83, 104506 (2011).
6. G. Ghiringhelli et al., Long-range incommensurate charge fluctuations in (Y, Nd)Ba2Cu3O6+x .

Science 337, 821–825 (2012).
7. J. Chang et al., Direct observation of competition between superconductivity and charge density

wave order in YBa2Cu3O6.67 . Nat. Phys. 8, 871–876 (2012).
8. J. Chang et al., Magnetic field controlled charge density wave coupling in underdoped

YBa2Cu3O6+x . Nat. Commun. 7, 11494 (2016).
9. H. Jang et al., Ideal charge-density-wave order in the high-field state of superconducting YBCO.

Proc. Natl. Acad. Sci. U.S.A. 113, 14645–14650 (2016).
10. H. H. Kim et al., Uniaxial pressure control of competing orders in a high-temperature

superconductor. Science 362, 1040–1044 (2018).
11. W. Tabis et al., Synchrotron X-ray scattering study of charge-density-wave order in HgBa2CuO4+� .

Phys. Rev. B 96, 134510 (2017).
12. M. Bluschke et al., Adiabatic variation of the charge density wave phase diagram in the 123 cuprate

(CaxLa1−x )(Ba1.75−xLa0.25+x )Cu3Oy . Phys. Rev. B 100, 035129 (2019).
13. S. Wandel et al., Enhanced charge density wave coherence in a light-quenched, high-temperature

superconductor. Science 376, 860–864 (2022).
14. H. Jang et al., Characterization of photoinduced normal state through charge density wave in

superconducting YBa2Cu3O6.67 . Sci. Adv. 8, eabk0832 (2022).
15. Y. Ando, A. N. Lavrov, K. Segawa, Magnetoresistance anomalies in antiferromagnetic

YBa2Cu3O6+x: Fingerprints of charged stripes Phys. Rev. Lett. 83, 2813–2816 (1999).
16. T. Noda, H. Eisaki, S. Uchida, Evidence for one-dimensional charge transport in

La2−x−yNdySrxCuO4 . Science 286, 265 (1998).
17. H. A. Mook, P. Dai, F. Dogan, R. D. Hunt, One-dimensional nature of the magnetic fluctuations in

YBa2Cu3O6.6 . Nature 404, 729–731 (2000).
18. Y. Ando, K. Segawa, S. Komiya, A. N. Lavrov, Electrical resistivity anisotropy from self-organized one

dimensionality in high-temperature superconductors. Phys. Rev. Lett. 88, 137005 (2002).
19. C. Stock et al., Dynamic stripes and resonance in the superconducting and normal phases of

YBa2Cu3O6.5 ortho-II superconductor. Phys. Rev. B 69, 014502 (2004).

20. V. Hinkov et al., Spin dynamics in the pseudogap state of a high-temperature superconductor.
Nat. Phys. 3, 780 (2007).

21. V. Hinkov et al., Electronic liquid crystal state in the high-temperature superconductor
YBa2Cu3O6.45 . Science 319, 597–600 (2008).

22. R. Daou et al., Broken rotational symmetry in the pseudogap phase of a high-Tc superconductor.
Nature 463, 519 (2010).

23. M. J. Lawler et al., Intra-unit-cell electronic nematicity of the high-Tc copper-oxide pseudogap
states. Nature 466, 347 (2010).

24. A. Mesaros et al., Topological defects coupling smectic modulations to intra–unit-cell nematicity in
cuprates. Science 333, 426–430 (2011).

25. J. Wu et al., Angle-resolved transport measurements reveal electronic nematicity in cuprate
superconductors. J. Supercond. Novel Magnet. 33, 87–92 (2019).

26. N. Auvray et al., Nematic fluctuations in the cuprate superconductor Bi2Sr2CaCu2O8+� .
Nat. Commun. 10, 5209 (2019).

27. S. Wang et al., Discovery of orbital ordering in Bi2Sr2CaCu2O8+�. Nat. Mater. 23, 492–498
(2024).

28. S. A. Kivelson, E. Fradkin, V. J. Emery, Electronic liquid-crystal phases of a doped Mott insulator.
Nature 393, 550–553 (1998).

29. E. Fradkin, S. A. Kivelson, M. J. Lawler, J. P. Eisenstein, A. P. Mackenzie, Nematic Fermi fluids in
condensed matter physics. Annu. Rev. Condens. Matter Phys. 1, 153–178 (2010).

30. J. Zaanen, O. Gunnarsson, Charged magnetic domain lines and the magnetism of high-Tc oxides.
Phys. Rev. B 40, 7391–7394 (1989).

31. K. Machida, Magnetism in La2CuO4 based compounds. Physica C 158, 192–196
(1989).

32. M. Kato, K. Machida, H. Nakanishi, M. Fujita, Soliton lattice modulation of incommensurate spin
density wave in two dimensional Hubbard model—A mean field study. J. Phys. Soc. Japan 59,
1047–1058 (1990).

33. V. Emery, S. Kivelson, Frustrated electronic phase separation and high-temperature
superconductors. Physica C 209, 597–621 (1993).

34. S. R. White, D. J. Scalapino, Density matrix renormalization group study of the striped phase in the
2d t-J model. Phys. Rev. Lett. 80, 1272–1275 (1998).

35. C. J. Halboth, W. Metzner, d-wave superconductivity and Pomeranchuk instability in the two-
dimensional Hubbard model. Phys. Rev. Lett. 85, 5162–5165 (2000).

36. J. Lorenzana, G. Seibold, Metallic mean-field stripes, incommensurability, and chemical potential
in cuprates. Phys. Rev. Lett. 89, 136401 (2002).

37. S. A. Kivelson et al., How to detect fluctuating stripes in the high-temperature superconductors.
Rev. Mod. Phys. 75, 1201–1241 (2003).

PNAS 2024 Vol. 121 No. 23 e2400727121 https://doi.org/10.1073/pnas.2400727121 7 of 8



38. S. Gerber et al., Three-dimensional charge density wave order in YBa2Cu3O6.67 at high magnetic
fields. Science 350, 949–952 (2015).

39. H. H. Kim et al., Charge density waves in YBa2Cu3O6.67 probed by resonant X-ray scattering under
uniaxial compression. Phys. Rev. Lett. 126, 037002 (2021).

40. S. A. Kivelson, E. Fradkin, T. H. Geballe, Quasi-one-dimensional dynamics and nematic phases in
the two-dimensional Emery model. Phys. Rev. B 69, 144505 (2004).

41. M. H. Fischer, S. Wu, M. Lawler, A. Paramekanti, E. A. Kim, Nematic and spin-charge orders driven
by hole-doping a charge-transfer insulator. New J. Phys. 16, 093057 (2014).

42. H. Yamase, H. Kohno, Instability toward formation of quasi-one-dimensional Fermi surface in
two-dimensional t-J model. J. Phys. Soc. Japan 69, 2151–2157 (2000).

43. H. Yamase, Theoretical insights into electronic nematic order, bond-charge orders, and plasmons in
cuprate superconductors. J. Phys. Soc. Japan 90, 111011 (2021).

44. A. J. Achkar et al., Nematicity in stripe-ordered cuprates probed via resonant X-ray scattering.
Science 351, 576–578 (2016).

45. N. K. Gupta et al., Vanishing nematic order beyond the pseudogap phase in overdoped cuprate
superconductors. Proc. Natl. Acad. Sci. U.S.A. 118, e2106881118 (2021).

46. N. Gedik et al., Abrupt transition in quasiparticle dynamics at optimal doping in a cuprate
superconductor system. Phys. Rev. Lett. 95, 117005 (2005).

47. D. H. Torchinsky, F. Mahmood, A. T. Bollinger, I. Božović, N. Gedik, Fluctuating charge-density
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